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Abstract
Mesoporous silica materials, commonly called Hexagonal Mesoporous Sieves
(HMS), are used to adsorb copper, lead, and mercury from aqueous solution. To
increase metal adsorption, organic ligands with high metal affinity are grafted to the
surface of the HMS materials. Three ligands were used in this research: 3mercaptopropyltrimethoxysilane (MP), 3-aminopropyltrimethoxysilane (AM), and
p-(aminoethylaminomethyl)phenethyltrimethoxysilane (AB). The physical properties
of HMS include large surface area and an ordered system of pores. These properties
are believed to increase the extraction capabilities of the material by increasing the
molar content of the chelating ligand and by the ligand more accessible. The purpose
of this research was to fully characterize HMS and functionalized HMS materials, to
determine the adsorption capacity of these materials for the metals of interest, and to
ascertain if the increased porosity of HMS improved metal extraction.
All HMS materials were characterized by wSi Solid State Nuclear Magnetic
Resonance (SS-NMR), powder x-ray diffraction (XRD), and surface area analysis.
Surface coverage of the grafted ligand was determined by elemental analysis and 29Si
SS-NMR. Adsorption isotherms were collected in metal extraction studies and were
determined to follow the Langmuir adsorption model. Adsorption capacities were
calculated by taking the reciprocal of the y-intercept of the linear Langmuir
adsorption isotherm. To test the importance of porosity, silica gel was functionalized
using the same ligands. Silica gel has a similar elemental composition as HMS
without the pore structure. Adsorption capacity of functionalized silica gel was
obtained and compared to the results obtained from HMS.

xv
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Extraction experiments showed functionalized HMS to be a superior metal
adsorbent compared to silica gel. This greater adsorption capacity was due to
increased surface coverage of all three ligands used. In the case of the AM and MP
ligands, the higher adsorption capacity is also due to the increased porosity of the
HMS material. However, both the SG and HMS materials functionalized with the
AB ligand showed the same metal/ligand molar ratio. The large ligand has the effect
of decreasing the pore diameter, and therefore making material porosity less
important All functionalized HMS materials were shown to be excellent metal
adsorbents.

xvi
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1 Introduction
1.1 Water Resources
Water is the most plentiful resource on the planet It is also the most used.
With increasing human population the need for clean water increases, as do the
pollutants that contaminate the water supply. There are many types of pollutants that
affect water, that are generally divided into organic contaminants and inorganic
contaminants. One type of inorganic contamination is heavy metal contamination.
Heavy metals can accumulate in the food chain, and above a threshold level, are toxic
to all living things. The accumulation of metals in the soil, water, and air has risen
dramatically in the industrial age. Blame for the amount of pollution can be placed
on everyone as metals are emitted from industrial discharges, cars, planes, common
household cleaners, and the farming industry. Environmental regulations reduced the
amount of metals emitted by industry, and outlawed certain pesticides and metal
containing cleaners. Metal emissions were also greatly reduced by the banning of
leaded gasoline. The amount of metals released into the environment has reduced,
but metals are persistent in the environment and therefore will remain a pollution
problem. It is estimated that 40 % of all United States waterways are too polluted to
allow fishing and swimming. 1 A large portion of water pollution is caused by
deposition of metal particles from the air. Table 1.1 lists the industrial sources of
some heavy metals emitted into the environment Because of their importance and the
existence of specific removal applications, this work will concentrate on the removal
of copper, mercury, and lead.

1
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Tablel.l Industrial Sources of Heavy Metals
Branch of

Cu

Hg

Pb

+

+

+

Petro-chemicals

+

+

Bleach Making

+

+

+

+

Industry
Paper

Fertilizers

+

Petroleum

+

+

Refineries
Steel

+

+

+

Nonferrous

+

+

+

+

+

+

Metals
Motor Vehicles,
AirCraft
Power Plants

+

1.2 Purpose
Heavy metals over a threshold amount are toxic to living organisms.
Increasing amounts of toxicity data has led to reduction in the maximum contaminant
levels (MCL), most recently in the 1991 Drinking Water Priority List (DWPL). It is
for this reason that research into the removal of metals has increased. Metal removal
must take into account the source of the contamination. For some applications,

2
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excellent treatment systems exist. For many applications, however, the search for a
more efficient metal treatment system continues. The treatment of water can be
divided into three categories: purification for domestic use, treatment for specialized
industrial applications, and treatment of wastewater for release or reuse. 2 The
application for the water will determine the method used to remediate the water.
This research focuses on the removal of heavy metals lead, mercury, and
copper. The method of removal is adsorption using a porous silica material. These
materials are tailored for metal removal by functionalizing the surface with organic
ligands having a high metal affinity. The ligands used include 3mercaptopropyltrimethoxysilane (MP), 3-aminopropyltrimethoxysilane (AM), and p(aminoethylaminomethyl)phenethyltrimethoxysilane (AB). It is also beneficial that
the ligand used has a very low affinity for alkaline earth metals, and has a higher
affinity for the targeted metal over other metals in solution. The removal is optimized
by adjusting the pH values of the waste solutions. Some understanding of the
bonding between the functional group and the metal is also sought. In addition, the
materials will be characterized to determine if their physical properties affect the
adsorption capacity.

13 Metal Chemistry
One of the most important factors leading to improvements in the removal of
metals from any system is to understand the chemistry of the metal in that system.
This is not easy, as each metal's chemistry is different and can vary greatly from one
system to another. Factors affecting metal chemistry include: the pH, the presence of
other ions, temperature, etc. Because there are endless numbers of systems possible,

3
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each case must be handled separately. There are however some generalizations that
can be used as a guide.

13.1 Metals in Solution
Metals are classified as Lewis acids because of their ability to accept electron
lone pairs. Metals are classified as hard, soft and intermediate depending upon their
affinity for electronegative donors. This classification is summarized in the Hard and
Soft Acid and Base (HSAB) ideas of Pearson . 3 Soft metal ions prefer to complex
with less electronegative donor atoms. These metals tend to be larger, and they tend
to form bonds that are longer and very ionic in nature. Hard metals favor
electronegative donors. These metals tend to have smaller ionic radius, and form
shorter covalent bonds. Intermediate metals do not show a preference for either type
of ligand donors.4
In solution metals are indicated as M"+ ions, hi truth, the metal ions are not
bare, but are complexed, often with water molecules whose oxygen atoms make good
Lewis bases. In order for a metal to complex with a ligand, the reaction follows an
associative or dissociative mechanism. In a dissociative mechanism, first a water
molecule is lost on the metal followed by the addition of a ligand. In an associative
pathway, the metal complexes a ligand followed by the loss of water. Figure 1.1
illustrates the two mechanisms for an octahedral complex. The metal is complexed
with a ligand by the donation of a lone pair of electrons from the ligand to the metal.
The number of electrons donated depends upon the ligand and the metal. In the
ligands used in this research, the sulfur has two lone pairs and the amine has one.

4
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Figure 1.1 Reaction Mechanisms for the Addition of a Ligand in Solution5

13.2 Solution pH
The pH of the solution will determine the speciation of the metal and the
ligand. The number of protonated and unprotonated ligands in solution depends upon
the K, of the ligand. The K» is defined by Equations 1.1 and 1.2. Ka is often reported
as the pKa, defined in Equation 1.3.

LH jiL ' + lF

Equation 1.1

K*= [L"][H+]/[LH] Equation 13
pK« = -log [KJ

Equation 13

5
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It is known that the presence of a metal can significantly lower the pK, of a
ligand in the dissociative pathway.6 This occurs by the removal of some of the
electron density of the ligand to the metal making the proton a better leaving group.
The pKaOf ligands similar to MP and AM, 3-mercaptoethanoI and propylamine have
been reported as 9.727 and 10.567, respectively. Although they are not the exact
ligands, the numbers are believed to be a reasonable guide. The stability constants for
the AB ligand were not found. The pKa values of the amines in AB are expected to
be slightly lower than the amines in the AM ligand due to the presence of the benzyl
ring. pKa values for CH 3 CH2 NHCH2 CH2NH2 were 6.34 and 9.567, corresponding to
the primary and secondary amines, respectively.
The pH also determines the chemical speciation of the metal of interest. The
metal species will depend on the formation constants of the metal ligand complex and
the formation constant of the metal hydroxide species. The formation of metal
hydroxide precipitates will lower the metal concentration in solution. This situation
should be avoided so the initial metal concentration can be easily determined. The
pKjp of Pb(OH>2 is 19.85, and the pKsp of Cu(OH>2 is 18.70. To prevent precipitation,
the reaction quotient (Q) must be less than the solubility product (Kjp). These values
are defined using Equations 1.4,1.5, andl. 6 .

AxBy (s) s* xAy+(aq) + yBx' (aq)
Kgp = [Ay‘T*[Bx']y/[AxB,]
Q = [A,+]x * [Bx']y

Equation 1.4

Equation 1.5

Equation 1.6

6
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If Q is less than the K*p the solution is undersaturated and no precipitate will
form. In Equations 1.4-1.6, A is the metal of interest and BV is the hydroxide
concentration determined by the pH of solution.

U J Lead Chemistry and Removal
Lead in drinking water primarily comes from corrosion in water distributions
pipes. Lead paints and industrial wastewaters are other sources of lead
contamination. The maximum contaminant level goal (MCLG) in drinking water is
zero, and the enforceable action level is IS ppb. Lead MCL values are easily
obtained at neutral or slightly basic conditions by alum or ferric sulfate coagulation
treatment and lime softening. These methods show a lead removal of 80-100%.8 At
neutral pH, activated carbon (both powdered activated carbon (PAC) and granular
activated carbon (GAC)) was effective in reducing Pb to MCL levels.9 Little or no
research has studied the removal of lead at more acidic values. At lower pH values,
lead is much more soluble in solution and therefore more difficult to remove. Lead
present in drinking water in the home is generally treated by removal of pipes, paint,
or other contamination causing the elevated readings. Coagulation-filtration
processes or lime softening generally removes lead in industrial settings.
The concentration of lead in natural waters varies widely because
anthropogenic input is the major source of lead contamination. Lead pollution seems
to be a point source problem, and is removed from solution into sediment rapidly.
This is thought to be due to lead adsorption onto oxide surfaces, especially iron
oxides, and the low solubility of lead in solutions that are neutral or basic. The
geochemistry of lead is very poorly understood and seems to be affected by a variety

7
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o f factors including salinity, pH, and the form of lead in solution. A monomeric form
of Pb2+ in solution has not been characterized, and the number of water molecules
surrounding the Pb2+ ion at low solution pH is unknown. As the pH rises and the
hydroxide ion concentration increases, aqueous lead-hydroxide species are formed.
Two species that have been characterized are a cuboidal P b ^ O H )^ , and a hexameric
PbfiOCOHta4* structure. The salts of these two compounds have been identified using
x-ray diffraction. The Pb-Pb distance in the hexameric structure ranges from 3.44 to
4.19 A, and in the cuboidal structure it is 3.81 A. The Pb-0 distance is 2.6 A. 10 The
structures are shown in Figurel.2.
Pb2+ is considered an intermediate metal based on Pearson’s HSAB principle.
This means Pb2+ does not show a preference for hard or soft donor ligands. Pb2+ is a
large metal and tends to make bonds that are mostly ionic. Its bonds tend to be
longer, resulting in fewer steric repulsive interactions with bulky ligands.

b) Hexameric

a) Cuboidal

o

c\
A

P b -I-O H
a

Figure 1.2 Pb2* Structures in Solution10
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13.4 Mercury Chemistry and Removal
Mercury occurs in nature as mercury sulfides (cinnabar and metacinnabar) and
native mercury. It is the only metal that is volatile at room temperature. As a
consequence, mercury is cycled in nature faster than any other trace metal. The
toxicity of mercury necessitates its removal from water supplies. The MCL for
mercury is 2 ppb, one of the lowest MCLs for metals.
The profile of mercury in water environments is not well understood.
Inorganic mercury can exist in water in three oxidation states: the free metal Hg°, the
mercurous ion Hg2 2+, and the mercuric ion Hg2+. Also present in solution are Hg-Cl
complexes, which seem to be affected by the salinity of the environment. Mercury
will readily complex with both organic and inorganic species in solution. In aerobic
conditions, mercury seems to be regulated by its equilibrium with Hg2 Ch. In
anaerobic environments, the HgS equilibrium is important, although the literature is
contradictory of this point. 11 It is known that the concentration of Hg2+ in solution
increases dramatically at low pH. The reason for the difficulty in studying mercury
profile in solution is mercury also has the tendency of adhering to surfaces, including
glass, that make concentration determinations problematic. It is advisable for all Hg2+
concentration determinations to be spiked with a gold stock solution.
Removal of mercury from solution has proved problematic. The best available
technology (BAT) for mercury removal include coagulation and filtration, and
reverse osmosis for influents less than or equal to 10 (ig/L, and lime softening and
GAC treatments for other influent concentrations. GAC treatments removed 49 to

9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

97% of the inorganic mercury (pH 7)12, and lime softening removed approximately
98% of inorganic mercury with influent concentrations less than 7 ppm (pH 11).
Hg2+is considered a soft metal based on Pearson’s HSAB principle. This
means Hg2+shows a preference for large soft ligands such as sulfur. Hg2+ is a large
metal and tends to make bonds that are mostly ionic. Its bonds tend to be long,
resulting in few steric interactions with bulky ligands. Hg2+, at low pH, is bound to
six water molecules in aqueous solution. 13
1.3.5 Copper Chem istry and Removal
Copper is a secondary drinking water concern, meaning the federal
government does not enforce the concentration of copper in drinking water. The
USEPA has set a level o f 1.3 ppm as a guideline for the maximum allowable copper
concentration, but states may adopt their own standards. Industrial discharge of
copper is monitored and regulated for 1 ppm discharge. Copper does not occur
widely in natural waters unless the concentration is increased by industrial discharge.
Elevated copper levels in the home normally occur via acidic corrosion of copper
pipes. The need to reduce copper in solution is a problem found in industry, as
copper can interfere in some processes. Copper is easily removed from aqueous
solutions in acidic media (pH 0.5-3.0). At pH values of 4.5 cation exchange resins
have shown excellent removal (98%).14 Very few studies were found for removal of
copper at neutral pH.
Copper can occur in solution as Cu+ and Cu2+. Copper is not a volatile
element; therefore copper in waters remains in solution or is adsorbed in sediment.
Cu2+ is considered to be the most biotoxic form of copper and can be absorbed into
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the plankton population and marine organisms. There are conflicting studies of the
fate of copper in solution.IS It is believed that iron oxides, especially the formation of
CuFe0 4 , play a major role in the equilibrium of copper in natural waters in aerobic
conditions (pe + pH > 6 ), where Cu2+ is the dominant soluble species. 16 In anaerobic
conditions, it is believed that Cu+ is the main copper species, hi this environment
copper sulfides are the most stable species and control copper equilibrium. Other
inorganic copper species are found in solution including Q 1CO3 in oxic conditions
(pe + pH >13.5), CuCh’ and CuCb2' between pe + pH of 3.7 and 13.5, and copper
polysulfides in anoxic waters (pe + pH < 3.7) . 15
Cu2+ is considered an intermediate metal based on Pearson’s HSAB principle.
This means Cu2+ does not show a preference for hard or soft donor ligands. Cu2+ is a
smaller metal and tends to form covalent bonds. Its bonds tend to be short resulting
in large steric interactions with bulky ligands, which significantly reduces the
formation constant with these complexes. Six water molecules in aqueous solution
surround Cu2 + . 13
1.4 Surface Chemistry
Adsorption is defined as the increase in concentration of a particular
component at the surface or interface between two phases. 17 Adsorption can be
classified as physical or chemical. Physical adsorption involves dispersion forces
only and is present between all types of matter. Chemical adsorption is characterized
by adsorption of the analyte to a specific site on the surface in an interaction similar
to a chemical bond. The nature of the adsorbent determines the type of adsorption
that will take place and the effectiveness of the adsorption.

11
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Two of the most important physical properties of an adsorbent material are its
surface area and pore structure. The adsorptive capacity of a material will increase as
the surface area increases. Therefore it is advantageous to have a large surface area.
The pore structure of the material is also of crucial importance. Most of the surface
area in porous materials resides inside the pore structure. Large pore (macropore)
systems acts as conduits to adsorptive sites. Most adsorption is believed to take place
in the micropores. It is crucial for the analyte to have access to adsorptive sites, but
too large pores significantly decrease surface area and therefore adsorptive capacity.
Surface area and pore diameter can be determined by N2 adsorption/desorption
isotherm analysis.
The presence of functional groups on the surface of the adsorbent will
significantly affect the adsorption capacity of the material. Specific functional groups
will have a greater affinity for a particular analyte and the material can be tailored for
specific applications.
Adsorption equilibrium is generally described by adsorption isotherms. There
are different types of adsorption based on the properties of the adsorbent and the
adsorbate. Some of the isotherms that will be used in this research are shown in
Figure 1.3. In general, adsorption data is plotted as amount adsorbed per amount of
adsorbate (T) versus equilibrium concentration of adsorbate (c) or partial pressure (P).
Langmuir’s adsorption isotherm is a common mathematical model used to
describe adsorption data and is represented by type (a) in Figure 1.3. This model
makes it possible to compare different adsorbent media and/or analytes. Langmuir’s
model assumes the analyte is adsorbed on definite sites on the surface of the

12
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adsorbent and only one monolayer is adsorbed. Therefore there is an adsorption
capacity of a material represented by the plateau shown in isotherm (a).

(a) Langrnuir

(fc>) Multilayer formation

r

r
c orP

r

c o rP
(c) Hysteresis

corP

Figure 1J Adsorption Isotherms18

Surface area analysis is usually determined by analysis of a N2
adsorption/desorption isotherm. That usually takes the form of multiple layer
formation of a gas onto the surface and is described by the Brunauer, Emmet and
Teller (BET) equation. This is shown as isotherm (b). In isotherm (c) a hysteresis
loop is shown. A hysteresis loop occurs during multiple layer adsorptions and is
sometimes seen in surface area analysis. It can indicate textural mesoporosity in
samples.
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15 Alternative Treatments
There are several acknowledged heavy metal removal processes. They
include precipitation and co-precipitation, ion exchange, activated alumina and
carbon, and membrane technology.

1.5.1 Precipitation
Precipitation of heavy metals from solution is a low cost, effective method of
removal. Table 1.2 lists the different precipitation processes.
Often, mixed metals waste must be treated in a staged process because of the
variation of the pH of their minimum hydroxide solubilities. In many cases a hydrous
metal oxide is added to increase precipitation. There are some disadvantages.
Precipitation may not reduce metal concentration to permissible levels. It also leaves
behind a large quantity of gelatinous sludge that is difficult to dewater and creates
disposal problems. Precipitation is ineffective in the presence of some chelating
agents, 19 and small intermittent flows are not readily treated by this method. Finally,
it would be preferable to use a method that does not involve the addition of large
amounts of chemicals.
Lime softening is considered a best available technology (BAT) removal
method for barium, beryllium, cadmium, chromium, nickel, and selenium .21
Coagulation is considered a BAT removal method for antimony, beryllium, cadmium,
chromium, mercury (influent <

10

ppb), and selenium (selenium IV) . 21 These

methods are not considered BAT methods for small, low flow systems.
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1.5.2 Membrane Technology
Reverse osmosis and reverse electro dialysis are two popular examples of
membrane technology.22,23 Their advantages include the removal of all types of
contaminant ions and many dissolved non-ions, and low effluent concentrations.
They are commonly used as desalination processes, and as home water purification
treatment. Both use semi-permeable membranes to separate ions from solution.
However, membrane technology suffers from high startup and maintenance costs, as
membranes are prone to fouling. In many cases substantial pre-treatment of the water
is necessary, and a large volume (10 to 15% of influent) of concentrate must be
disposed of. Removal of ions is dependent on the type of membrane, ion size, ion
charge, and in some cases the solution pH. Reverse osmosis is listed as a BAT for the
removal of antimony, barium, beryllium, cadmium, chromium, and mercury. 21

1.5.3 Ion exchange and Adsorption
Ion exchange and adsorption includes many different methods of inorganic
contaminant removal. These include cation and anion resin exchange processes, and
exchanges on zeolites, activated alumina and activated carbon (typically granular
activated carbon (GAC)). The principle of ion exchange is the affinity of the
exchanger for an analyte in solution. One of the most common applications is sodium
softening to remove water hardness. Ion exchange generally consists of some
material such as a resin or zeolite with functional groups that have an affinity for a
specific analyte. The functional group will determine which analytes are removed.
Cation exchangers will remove positively charged analytes, and anion exchangers
will remove negatively charged ones.

15
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Table L2 Precipitation Processes for M etal Removal2 0
Process

Treatm ent

Optimum

Contaminants,

Chemicals

Conditions

Removal
Efficiency

Alum and iron

A12 (S 04)3 I 8 H2O,

pH 4.5-8.0

Phosphate and

coagulation

FeSO* 7H20 ,

pH 4.0-12.0

arsenate removed

Fe2 (S0 4 )3 , FeCU

lime added to raise

to 50ppb, selenite

pH, coagulant aids

removed

added
Lime or soda

Ca(OH>2 , Na2 C 0 3

softening

pH >11.0,

Calcium and

coagulant aids

magnesium

added

removed to 1520

ppm

Hydroxide, sulfide,

Ca(OH)2, NaOH,

pH corresponds to

Heavy metal

and carbonate

Na2 S, FeS

minimum

removed to 10-500

solubility of metal

ppm

precipitation

salt
Oxidation and

Cl2, KM n0 4 , 0

3

precipitation

pH ~7.0 Fe^ppt

Iron and

pH > 9.0 Mn2+ppt

manganese
removed to 50 ppb

Reduction and

S02. Na2 S205

pH~2-3 C r^ rdn

Chromium

precipitation

Ca(OH)2, NaOH

pH~8.5 Cr^ppt

removed to 50 ppb

Electrochemical

Carbon steel

pH 6-9

Heavy metals

precipitation

electrodes

50-400 V dc

removed to 20-50
ppb

This method of removal has great advantages. A large variety of functional
groups allow the method to be tailored to a specific application, and the contaminant
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is concentrated in a relatively small volume. Usually the resin can be regenerated for
prolonged use. Disadvantages include spoiling of the material, and in many cases
high levels of dissolved solids decreases effectiveness. Despite these drawbacks, ion
exchange and adsorption serve as BAT methods for a wide range of contaminants.
Inorganic contaminants using ion exchange as a BAT include barium, beryllium,
cadmium, chromium, nickel, and thallium. A BAT method for removal of mercury is
GAC adsorption. 21
1.5.4 Industrial Processes
The current method of metal removal in many industrial wastewaters is co
precipitation with a hydrous metal oxide (HMO), usually Fe oxides. This method
involves acidifying the influent to ionize the waste, addition of an acidified HMO
solution, and co-precipitation via the addition of an alkaline material. There are
several disadvantages to this method. Chief among them is the extra cost associated
with the disposal of the large amount of sludge produced. The waste must be
disposed of in land fills and meet the EPA’s Toxic Characteristic Leaching Procedure
(TCLP). Because of these disadvantages, it would be helpful to replace the current
method by using an adsorbent with equal or greater adsorption capacity to the current
method, and smaller waste volume.
1.6 Ideal M etal Treatm ent
The ideal metal treatment would combine high adsorption capacity, small
volume of concentrated waste, and low operating cost For an adsorbent material to
meet this demand it must have a high metal affinity and be cheap to synthesize. One
way to increase adsorption capacity is to use a high surface area material. Since most
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materials do not have a high adsorption capacity, functional groups can be added to
increase metal affinity. This gives an added advantage of increased specificity, as
certain analytes can be targeted for adsorption and re-use or disposal. The material
should also be insoluble for easy recovery over a wide range of solvents and
conditions. It is believed that a class of silicates known as hexagonal mesoporous
sieves (HMS) meets most of these criteria. The following chapters outline the
synthesis of HMS, present its physical properties, and explore its ability to extract
some environmentally important metals.
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2 Hexagonal Mesoporous Sieve Characterization
2.1 Introduction
The materials synthesized in this dissertation were characterized by three
methods: solid-state NMR (SS-NMR), x-ray diffraction (XRD), and surface area
analysis. SS-NMR identifies the different environments of the element of interest (in
this research Si and N) and determines the ratio of the environments present Powder
XRD spectra and surface area analysis give physical characteristic data on the sample
such as surface area, pore shape, pore volume, wall thickness, and pore diameter.
This chapter will explore the background of these techniques and explain why they
are good techniques for the characterization of solid materials. Metal concentrations
for the extraction study was determined by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS).

2.2 SoUd State NMR
2.2.1 Background
Solid State NMR spectroscopy (SS-NMR) is characterized by broad spectral
lines. This is due to direct dipole interactions and chemical shift anisotropy caused
by the rigidity of the sample. In solution NMR, the rapid tumbling motion of the
nuclei average out these interactions producing Fourier transformed spectra with
narrow line widths at the isotropic chemical shift position. The most important
interactions in SS-NMR include:
(1) Zeeman interactions
(2) Chemical shift interactions
(3) Direct magnetic dipolar interactions
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(4) Quadrupolar interactions for nuclei with spin I >

!6

The Zeeman interaction for spin l - V i nuclei predicts that the application of
an external magnetic field will cause a population difference between the two energy
levels m = +V4 and m = -xh . Application of a radio wave at a specific frequency will
induce transitions that can be detected. The Zeeman interaction is the dominant
interaction for spin xh nuclei.
The shielding of the nuclear spin by the neighboring electron cloud causes the
chemical shift interaction (5). It is a cause o f peak broadening in solids. Chemical
shift interactions are dependant on the field strength (Bo) and are described by the
Equation 2.1 where a* is the chemical shielding tensor.

5 = (l-Oi)B0 Equation 2.1

Magnetic dipole interactions describe the interaction between the magnetic
moment of two nuclei. It is dependant on the magnetic moment of the nuclei and is
inversely proportional to the cube of the distance between them (R). It is a cause of
peak broadening in solid samples. Equation 2.2 describes dipole interactions. A is
the potential energy of the interaction between the two nuclei.
Quadrupolar interactions occur in nuclei with I > xh . These nuclei have an
ellipsoidal charge distribution. This interaction completely dominates the spectrum
for such nuclei. This relaxation process is so efficient, the relaxation times are very
short and therefore the peaks are extremely broad. Isotopes with quadrupolar
interactions present special problems for SS-NMR.
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(A/R3)(3Cos26-1) Equation 23

Substantial experimental improvements have been made to eliminate the
effect of these interactions to narrow spectral line widths. The most important
improvement is Magic Angle Spinning (MAS). Rapid rotation of the sample at
speeds greater than the width of the powder pattern at an angle (6 ) of 54.74* (the
magic angle) to the static field Bo will significantly reduce the peak line width by
eliminating the dipolar interactions and averaging the chemical shift to the isotropic
value. This can be shown by plugging 6 = 54.74* into Equation 2.2 resulting in a
dipolar interaction of zero.
Another disadvantage to SS-NMR is many important nuclei have very low
natural abundance leading to sensitivity problems. This situation can be improved by
higher field strength, labeling, and pulse techniques such as cross polarization. Cross
polarization techniques are often used in I3 C, 15N, and ^Si NMR when protons are
nearby. The success of a cross polarization experiment depends upon the HartmannHahn match condition and the proximity of the

nuclei to the nuclei of interest.

13 Physical Characteristics
23.1 XRD
Powder XRD is a very important analytical tool in solid-state chemistry and
material science for the identification of samples, and for information on a samples
structure. Structural information on a sample’s unit cell includes interatomic distance
and chemical bond angle information. XRD patterns record the angle of diffraction 0
of an x-ray of wavelength X from the surfaces of a sample as shown in Figure 2.1.
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Figure 2.1 Reflection of X-Rays From two Planes of Atoms in a Solid1

The d-spacing, or interplanar-spacing, can be calculated using the Bragg equation
shown as Equation 2.3.

2d sin© = n X, n = 1,2,3... Equation 2 3

The number of values of n that cause constructive interference will be
represented as a peak on the diffraction pattern. Each peak contains a geometric
description of a repeating set of planes in the crystal structure, with the distance
between each plane in the family being the d-spacing. These sets of planes are
described by Miller indices (h, k, 1). Miller indices describe the location of a set of
planes relative to their location in the unit cell. Often the d-spacing is given with
Miller indices as dhu.
The repeat distance of hexagonally stacked unit cells (ao) is calculated from the
d-spacing using Equation 2.4.

ao = 2d/V3 Equation 2.4
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The repeat distance is a measure of the distance from the center of one unit cell to the
center of the adjacent cell as shown in Figure 2.2. For the materials to be discussed in
this dissertation, the repeat distance measures the distance between the center of one
pore to the center of the adjacent pore.

Figure 2.2 Repeat distance (ao)

The repeat distance is also used to calculate the wall thickness. Wall
thickness is an important property of these materials due to its correlation to thermal
stability. The wall thickness is calculated by subtracting the pore diameter from the
repeat distance.

2 3 3 , Surface Area Analysis
Surface areas of solid materials are generally calculated using the Brunauer,
Emmett, and Teller (BET) model describing the adsorption of a gas onto a solid
surface. The model has the following assumptions: 2
(1) Gas adsorbs on the flat, uniform surface of the solid with a uniform heat of
adsorption due to van der Waals forces between the gas and the solid.
(2) There is no lateral interaction between the adsorbed molecules.
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(3) After the surface has become partially covered by adsorbed gas molecules,

additional gas can adsorb either on the remaining hree surface or on top of the
already adsorbed layer.
(4) The adsorption of the second and subsequent layers occurs with a heat of
adsorption equal to the heat of liquefaction of the nitrogen.
(5) There is no limit to the number of layers that can adsorb.
An isotherm of the volume of gas adsorbed versus the partial pressure is
recorded. Samples must first be outgassed to remove any adsorbed molecules on the
surface. Nitrogen is the most commonly used adsorbate, and the sample is usually
immersed in liquid nitrogen. Surface area is calculated using the linear portion of the
BET isotherm in the range 0.1<P/Po<0.3. It is important to note that BET surface
area analysis can only be used qualitatively in mesoporous size particles. Results are
used for comparison purposes.
The pore size of a particle is calculated using models that estimate the pore
diameter and volume based on the BET adsorption isotherm. The model should be
chosen based on the type of pore. Classification of a pore as mesoporous or
microporous is inconsistent in the literature, and is dependent on the pore shape as
well as the pore diameter. For most applications, the Barrett, Joyner, and Halenda
(BJH) model is used to determine pore size. The BJH model can determine a wide
range of pore sizes, 1-400 nm in diameter.

The BJH model can also estimate pore

volume. The Horvath and Kawazoe (HK) method is best for estimating micropore (<
S nm) size distribution. It takes into account the electrostatic attraction/repulsion
between the adsorbate molecules and the surface of the pore.
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The BET isotherm can also help distinguish two types of porosity, framework
porosity and textural porosity. Framework porosity is the inner pore structure of the
material. The pore volume of framework porosity is denoted V&. A sharp step in the
BET isotherm, at approximately 0.35 P/Po, corresponds to ordered framework
porosity. Textural porosity usually corresponds to a leveling of the isotherm after the
Erst sharp step in the BET isotherm. Materials with textural porosity usually have a
well-defined hysteresis loop in the BET adsorption/desorption isotherm in the P/Po
region from 0.5 to l.O.3 The volume of textural porosity is denoted Vtex- To
determine these values the total pore volume (VO is calculated using BJH estimates at
0.99 P/Po, Vfr is the pore volume at 0.50 P/Po, and Vt is calculated as the difference

(Vtex-Vfr).4

2.4 Langmuir Adsorption Isotherm
Langmuir’s adsorption model is also known as the ideal localized monolayer
model. There are four assumptions of this model:
(1) The analyte is adsorbed on definite sites on the surface of the adsorbent.
(2) Formation of a monolayer, only one analyte per adsorption site.
(3) The area of each site is fixed, and is solely determined by the geometry of

the surface.
(4) The adsorption energy is the same at all sites.
Langmuir’s adsorption model is often used in the presentation of adsorption data and
is represented in Figure 2.3 and as Equation 2.5.
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X
0

Ce
Figure 2.3 Langmuir’s Adsorption Isotherm5

Data is plotted as mg or mmol of analyte adsorbed per g of adsorbent (X)
versus equilibrium concentration in mmol/L of analyte left in solution (Ce). Equation
2.3 describes the isotherm where b is a constant related to the heat of adsorption.

X = X^bC.
1 + b Ce

Equation 2.5

To make the data linear Equation 2.5 can be written as Equation 2.6. Plotting 1/X
versus 1/Ce one obtains a straight line with a slope of l/bXmand an intercept of 1/Xm.
The value of Xmis the adsorption capacity and can be used to compare different
adsorbents ability to extract a particular analyte.

i_ =

X

Xm Ce bXm

Equation 2.6
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2.5 Inductively Coupled Plasma Mass Spectrometry
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is used to
determine metal concentrations of solutions. This analysis couples two techniques
developed for use in other types of analysis. ICP was developed as an excitation
source for analysis of solutions by atomic emission spectroscopy (AES). MS is used
extensively to study structure, determine molecular weights, and identify a wide
variety of samples.
Plasma ionization is a very efficient ion source producing mostly M* ions. In
some elements charged oxides (MO*) can also be formed, but few other chemical
interference effects are seen in ICP-MS. The liquid sample is introduced to the torch
as an aerosol. The carrier gas is argon. In the torch, the analyte gas is ionized in
about 2 ms. There is a sampling interface of two cones separating the ICP and the
MS. This is necessary because the ICP is at atmospheric pressure and the MS is
under a vacuum of less than 10~s torr. The two cones are the sample and skimmer
cones. The sample cone has a circular orifice of approximately 0.5 mm diameter, and
is located a few millimeters from the ICP torch. A mechanical pump evacuates the
gas flow and maintains a pressure of approximately 4 torr in the region between the
cones. The skimmer cone sits behind the sampler cone and transmits the sample to a
first high vacuum chamber. The ICP and interface region are depicted in Figure 2.4.
In the first high vacuum chamber the ion lenses collect and focus the sample
into the quadropole mass analyzer. The detection system is an electron multiplier that
can be used in two modes. The modes are pulse counting and analog ion current.
These two modes work together to extend the dynamic range. The dynamic range of
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the instrument depends on the metal background and ionization potential, but is
generally high parts per trillion to low parts per million. Because of problems with
clogging, ICP-MS is limited to analysis of samples with less than 0.2% dissolved
solids.

Erst
Vacuum
Chamber
ICP Torch

Gate Valve

Vacuum to Rotary
Vane Pump

Argon

Figure 2.4 ICP-MS Torch and Interface System 6
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3 Hexagonal Mesoporous Sieves
3.1 Introduction
In 1992 researchers at Mobil Oil Corporation discovered a family of silicate
mesoporous molecular sieves denoted M41S.1 In general a surfactant (S) acts as a
template for the condensation of the inorganic species (I) to form a material with an
ordered tunnel structure. There are five synthetic pathways for the preparation of
these materials. Pathway one involves the direct condensation of a cationic surfactant
(S*) with an anionic inorganic species (T) to form assembled ion pairs (S^T).
Pathway two is the reverse charge situation with assembled ion pairs (ST). Pathway
three uses a counter ion (X*) where the surfactant and the inorganic ion have similar
charge (S+XT+) and X* is Cl' or B r. Pathway four also uses a counter ion M* (where
M+ is Na* or K*) and the resulting assembly is of the type (S*M4T). Pathway five is a
neutral assembly where neither the surfactant nor the inorganic species is charged,
and the condensation is directed through hydrogen bonding.2 These materials have
uses in catalysis, supramolecular assembly, and metal extraction. 3 Materials
incorporating alumina in the silica framework have been synthesized and studied, but
are not addressed in this research.

3.2 M41S Materials as Metal Adsorbents
Two M41S materials have been shown to be effective metal adsorbents.4,5
They are MCM-41 and HMS. Their properties include large surface areas, easy
synthesis, an ordered pore system, and they are insoluble in many matrices. The
following sections will compare their physical properties and justify the choice of
HMS as a heavy metal adsorbent in this research.
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3.2.1 MCM-41
MCM-41 was one of the materials produced in the original M41S synthesis.
It can be synthesized by either pathway one (S+T) or three (S+XTf). In pathway three
the structure directing agent (S*) is generally C n H ^ tN fC H s^ r, with TEOS as the
silica source (I*). The reaction is carried out under acidic conditions by the addition
of HC1, and is aged for seven days at ambient temperature.4 Pathway one uses the
same surfactant as in pathway three and sodium silicate as the silica source. The
reaction is acidified using sulfuric acid and is run in an autoclave at 100‘C for six
days. These methods produce a silicate that has a long range hexagonally ordered
pore system. The volume of the framework pores is denoted V&. The chain length of
the surfactant (n) will influence the pore size, with longer surfactant chains tending to
produce larger pores. The surfactant is removed from the tunnel by calcining in air at
630*C for four hours or by proton ion exchange. This is a disadvantage as the surface
hydroxyl groups are lost in the surfactant removal process. These hydroxyl groups
are essential for the addition of chelating ligands.
3.2.2 HMS
HMS is synthesized using pathway five. In general, a neutral amine surfactant
(S) of varying chain lengths (n) is stirred in a water/ethanol solvent with TEOS as the
silica source (I). The solution is stirred at ambient temperature for eighteen hours.
The chain length of the surfactant influences the pore size of the structure. The
surfactant is removed by calcining in air or by ethanol extraction. Ethanol extraction
preserves the hydroxyl groups on the surface of HMS. It has been shown that HMS
does not have the same ordered pore structure as MCM-41.6 Its pore structure
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resembles wormhole motifs. This disordered porosity does have added textural
mesoporosity (Vxad, which is an advantage in catalytic applications, and metal
extraction. This advantage is thought to be due to a more efficient transport of
reagents to reaction centers.7
3.2.3 Comparison of Physical Data
Table 3.1 summarizes the physical characteristics of HMS and MCM-41 as
reported in a study by Tanev .2 Table 3.1 also presents a comparison of different
surfactant chain lengths and their effect on the physical properties of the materials.
It was asserted by the authors of this study that larger surfactants produced
materials with larger pores. However this is not a trend strictly followed by the data
they presented. The d-spacing and surface area does increase with larger surfactants
when using pathway three and five. This usually corresponds to larger pores. The
difficulty in calculating accurate pore size with low nm diameters must also be taken
into account. When using pathways three and five, longer surfactants producing
larger pores seems to be a trend, but not a rule. Table 3.1 shows HMS has increased
wall thickness and textural porosity, and comparable pore size and surface area as the
MCM-41 materials. Increased textural porosity is preferred for metal extraction
because of the increased mass transport to the framework pores.6 HMS is also
synthesized quicker and at a comparable expense. Further, the ability to use ethanol
extraction to remove the surfactant saves a re-hydroxylation step in the synthesis of
functionalized product The hydroxyl groups are critical; as they are the sites the
chelating ligand is grafted to the material. For these reasons HMS was chosen for the
metal extraction in this study.
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Table 3.1 Physical Properties of MCM<41 and HMS8
Sample

Surfactant

dioo

Wall

Pore

S bet

Length

(nm)

Thickness

Size

(m 2/g)

(nm)

(nm)

Vtex/Vfr

HMS

12

3.6

1 .8

2.4

1150

1 .0 0

HMS

14

3.7

2 .1

2 .2

1066

0.50

HMS

16

4.8

3.0

2.5

740

1.50

MCM-41

12

3.2

1.3

2.4

1154

0.27

14

3.1

1.5

2 .1

1218

0.17

16

3.1

1.4

2 .2

1147

0.23

14

2.7

1.4

2 .2

1014

0.14

16

3.1

1 .2

2.7

1104

0.19

Pathway 1
MCM-41
Pathway 1
MCM-41
Pathway 1
MCM-41
Pathway 3
MCM-41
Pathway 3

3.3 Synthesis
HMS is synthesized in a three-step process as shown in Figure 3.1. Step 1
involves the loss of ethanol from TEOS to form a silanol precursor. In step 2 the
reaction is directed through hydrogen bonding between the electron lone pairs on the
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nitrogen of the surfactant and the proton on hydroxyl group of the silanol precursor.
In step 3, further hydrolysis and condensation of the silanol precursor forms the
hexagonally stacked pores and body of the material. The surfactant is trapped inside
the pore structure.
The reaction conditions are essential in the synthesis of HMS. The reaction
must be kept at ambient temperature or the result will be an amorphous product. The
weight percent of the ethanol is also crucial. If the solvent system is below 50%
ethanol, the product will lack textural porosity.
The surfactant is then removed by ethanol extraction as shown in Figure 3.2.
This method preserves the hydroxyl groups on the surface of HMS. The new product
is denoted HMS-EE which stands for ethanol extracted HMS.
3.4 HMS As A Heavy M etal Extractor
The purpose of this research is to characterize HMS’s ability to extract heavy
metals from solution using both ligands already tested with HMS and ligands never
used with HMS. To facilitate this, an organic ligand with a large metal affinity is
coupled to the tunnel walls via a condensation reaction between the surface hydroxyl
groups and a trimethoxysilane. The organic chelating agents used for heavy metal
extraction contain either a mercaptan or amine functional group. This is due to the
affinity of the metals of interest (copper, mercury, and lead) for sulfur and/or
nitrogen. Figure 3.3 depicts the synthesis of fractionalized HMS. This figure uses 3mercaptopropyltrimethoxysilane as an example of the grafting reaction. The reaction
is performed in toluene at approximately 80*C for twenty-four hours. To determine if
an ordered pore system is advantageous to metal extraction, silica gel is analyzed as a
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blank. Silica gel was chosen because it has similar chemical composition, but is
amorphous.
For successful fiinctionalization, the ligand must be miscible in toluene.
Immiscible ligands will not react with surface hydroxyl groups inside the pores, and
poor surface coverage will result. This excludes the use of many ligands of known
extraction ability such as EDTA using this reaction procedure. More polar solvents
will interact with the methoxysilane groups causing polymerization of the ligand and
pore surface coverage. It is also important the toluene is dry. An excess of water in
the solvent will cause condensation of the methoxysilane groups resulting in a silicate
polymer. There is, however, some water present on the surface of HMS-EE, which
facilitates the condensation between the surface hydroxyl groups and the ligand.
Figure 3.4 depicts the ligands used in this research.
There has been prior research done on the removal of Hg2+ using HMS and
related materials funcdonalized by 3-mercaptopropyltrimethoxysilane. This research
found MCM-41 to remove 2.5 mmol/g of Hg2+ in an aqueous solution of pH 3.4 The
MCM-41 had been re-hydroxy lated by re fluxing in reverse osmosis water for four
hours. Multiple re-hydroxylation steps are sometimes necessary. HMS-MP removed
1.5 mmol/g of Hg2 + .9 There was no mention of the pH of the solution. Silica gel
(SG) has been funcdonalized with 3-aminopropyltrimethoxysilane for the removal of
many metals including Cu2+ and Pb2+. This material removed 0.574 mmol/g of Cu2+
at a pH of 7.10, and 0.185 mmol/g of Pb2+ at a pH of 6.5 . 11 These were the only
studies of the extraction of Cu2+, Hg2+, and Pb2+ by HMS and related materials found
in the literature.
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p-(Aminoethylaminoraethyl)phenethyltrimethoxysilane (AB)
Figure 3.4 Ligands used in HMS Metal Extraction

3.5 Characterization
HMS, SG and their funcdonalized analogs are characterized by surface area
analysis, thermal gravimetric analysis (TGA), solid state NMR (SS-NMR), and x-ray
diffraction (XRD). Thermal gravimetric analysis (TGA) was used to confirm the
removal of the surfactant by ethanol extraction. Surface area analysis determines
surface area and pore size distribution by BET analysis. X-ray diffraction determines
the pore shape and wall thickness of the HMS. Solid state NMR estimates the ratio of

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

different silicate environments. All of these methods allow the comparison between
materials synthesized in this study and literature.

3.5.129Si SS-NMR
^S i SS-NMR is a good technique to evaluate structural characteristics of
HMS and funcdonalized HMS. HMS is composed of two silicate environments: Q3
and Q4. ^Si MAS SSNMR distinguishes these. The organic silanes used to
fimctionalize HMS are also represented in a 29Si MAS SS-NMR spectrum. Table 3.2
lists the different silicate environments and their chemical shift in solid silicates. It
should be noted that a proton is not directly bonded to any of the silicon atoms.
Therefore cross-polarization techniques will not be effective for the study of HMS or
related materials, and a single pulse method is used. MSi natural abundance is only
4.9%. This is balanced by the high percentage of silicon in the samples (about 40%).
To produce spectra with sufficient signal to noise ratio, at least 100 scans were
obtained per spectra. Peaks are deconvolved, which determines the area under the
peak. This data is used to calculate each silicon environment as a percentage of the
total silica in the sample.
Chemical shifts for organic silanes on the surface and within the tunnels of
silica gel and MCM-4110 have been reported using 3-aminopropyltriethoxysilane and
3-mercaptopropyltrimethoxysilane respectively. Figure 3.5 represents the three
organic silane peaks possible and their reported chemical shifts. The peaks are
identified based on the number of Si-O-Si bonds. A single Si-O-Si bond is notated as
a S1 unit, two bonds are notated as a S2 unit, and three bonds are notated as a S3 unit.
The ratios of these peaks depend on the percent coverage of the organic silane. If
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coverage is high, only peaks representing S2 and S3 units are present in the spectrum.
Low percentage coverage would be represented by an S 1unit.

Table 3.2 ^ S i Chemical Shift Ranges in Solid Silicates11
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Figure 3.5 Organic Silane Structure and Chemical Shift

3.5.2 Powder XRD
XRD patterns were used to identify the samples by comparison to literature
data and to calculate the repeat distance. Because of the short-range order exhibited
by HMS samples, only a single peak is reported in the literature. A single peak can
indicate short-range hexagonal symmetry.8 As the surfactant chain length used in the
synthesis of HMS increases, the d-spacing shifts to higher spacing. This would
indicate larger pore sizes or thicker walls.
3.5.3 Surface Area
Surface area of all HMS-EE samples was determined by multi-point BET
analysis of N 2 adsorption/desorption isotherms. Surface area was calculated using the
linear portion of the BET plot in the range 0.1<P/Po<0.3. Both the adsorption and
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desorption isotherms were used to estimate the pore size of the sample, using the
Horvath and Kawazoe (HK) and the BJH method contained in instrument software. It
is important to note in mesoporous materials, the pore size can only be estimated as a
qualitative value. Theoretically it is expected for the pore size to increase as the
surfactant chain length grows. As the diameter of the pore increases the surface area
is expected to decrease.

3.5.4 Elemental Analysis and Thermal Gravimetric Analysis
Elemental analysis and thermal gravimetric analysis (TGA) were used to
determine if surfactant removal by ethanol extraction was successful. Ethanol
extracted samples were analyzed by elemental analysis to determine if nitrogen was
present in the sample. Since the surfactant used is an amine surfactant, the absence of
nitrogen indicates the complete removal of the surfactant from the sample. TGA was
performed on samples before and after ethanol extraction. If a surfactant is present in
the sample, TGA data should show a weight loss at approximately the temperature of
the boiling point of the surfactant.

3.6 Results and Discussion
3.6.1 Nomenclature
The name Hexagonal Mesoporous Sieves (HMS) was Erst used by Thomas
Pinnavaia in 1995.2 HMS-EE refers to the removal of the templating surfactant from
the HMS pores via ethanol extraction. Samples are named to identify the chain
length of the surfactant used in synthesis, the parent material, and the ligand grafted.
The chain length of the surfactant used in synthesis is identified by placing the
number of carbons before the parent material. For example HMS synthesized with a
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surfactant of chain length 12 will be denoted as 12HMS. Funcdonalized samples use
an abbreviation of ligand names. 3-mercaptopropyltrimethoxysilane is denoted as
MP, 3-aminopropyltrimethoxysilane is denoted as AM, and p(aminoethylaminomethyl)phenethyltrimethoxysilane is denoted as AB. This
abbreviation is then added to the end of the parent structure. For example, HMS
synthesized with a surfactant of chain length 12 and funcdonalized with
3-aminopropyltrimethoxysilane is denoted as 12HMS-AM.

3.6.2 Elemental Analysis and Thermal Gravimetric Analysis
Elemental analysis was performed on all HMS-EE samples. No sample tested
contained nitrogen. From this data it was concluded that ethanol extraction had
completely removed the surfactant from the HMS pores. A table of EA data is found
in the Appendix. In addition TGA was performed on 12HMS and 12HMS-EE
samples. It is evident from the data that the loss of dodecylamine, present from
approximately 130°C to 250°C in the 12HMS spectra, is not present in the 12HMSEE spectra. This proves the surfactant was removed from the 12HMS by ethanol
extraction. This weight loss represented approximately 32% of the total 12HMS
weight. A smaller weight loss (about 2%) occurs in both samples at approximately
100°C. This weight loss was attributed to the loss of water. There is a weight loss in
both samples at higher temperature. This is believed to be the loss of hydroxyl
groups on the surface of the samples. The boiling point of dodecylamine is 247°C.
Table 3 3 summarizes the results of the TGA data.
There are two weight loss peaks identified as a loss of water in the 12HMS-EE
spectra. The first is thought to be the loss of water on the surface of 12HMS-EE, and
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corresponds to the same weight loss in the 12HMS sample of approximately 1.8
percent. The second peak is believed to be the loss of water inside the pores. This
should account for the increased temperature range, as the water inside the pores may
evaporate at a slightly elevated temperature than the water on the outer surface. This
peak is not identified as dodecylamine due to the elemental analysis results of the
sample. TGA spectra of 12HMS and 12HMS-EE are shown in the Appendix.

Table 33 TGA Data for 12HMS and 12HMS-EE
Sample

Percent Weight

Temperature

Loss

Range°C

12HMS

1.82

10-80

Water

12HMS

32.05

80-260

Dodecylamine

12HMS

7.64

260-820

-OH Groups

12HMS-EE

1.88

20-80

Water

12HMS-EE

1.70

80-160

Water

12HMS-EE

6.28

150-800

-OH Groups

Identification

3.63 ^Si MAS SSNMR
^S i MAS SSNMR was used to quantitatively determine the silicon ratios in
the sample. Spectra were collected for HMS-EE, all fimctionalized HMS samples,
SG, and all funcdonalized SG samples. Spectra were deconvolved using the
ChemMagnetics software. Deconvolution determines the integral of each peak
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present. Ratios are taken of these integrals to determine the percent of each type of
silicon present in the sample. Table 3.3 lists the chemical shift, and percent of silicon
units for silica gel and each HMS-EE sample analyzed by ^S i MAS SSNMR in this
research.
For silica gel the Q4 unit makes up approximately 73 percent of the total
silicon. In the HMS samples the Q4 unit increases as the surfactant length increases
with the exception of 10HMS-EE. In the case of 1OHMS-EE, the number of Q4 units
was approximately the same as in 12HMS-EE. As Q4 increases, Q3 decreases. This
indicates larger surface area in the smaller pore (shorter chain length) materials. The
amount of Q3 sites is very important. The number of available hydroxyl groups will
determine the amount of organic ligand that can be grafted to the tunnel walls via
hydrolysis. This is balanced by the size of the pore structure, as the ligands grafted
must be accessible to the metal. It is advantageous to choose the HMS with the
highest surface area that still allows access to the ligands. Literature data has shown
some steric concerns in HMS analogs made with surfactants of chain length eight and
smaller where adsorption capacity went from 1.S mmol/g in 12HMS-MP to 0.9
mmol/g in 8HMS-MP.5 Figure 3.6 shows the NMR spectra for SG and 12HMS-EE.
3.6.4 Powder XRD
XRD patterns were obtained for surfactant chain lengths 16, IS, 12,
and 10 HMS-EE samples. The work was performed in the LSU Geology Department
on a Siemens D 5000. Surface area analysis for 12HMS, 15HMS and 16HMS was
performed in Sao Paulo. Surface area analysis for 10HMS and SG samples was
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performed in the LSU Chemistry Department. Multipoint BET analysis was used for
all samples. Table 3.5 lists some physical properties of HMS-EE.
Table 3.5 shows that the dioo values shifted to higher spacing as the surfactant
chain length increased except in sample 10HMS-EE. This would indicate larger pore
diameter, which is verified by the BJH analysis of the BET surface area isotherms.
Longer chain surfactants indeed increased the pore diameter of HMS in this
dissertation work.

Table 3.4 MSi MAS SSNMR Results for Silica Gel HMS-EE Samples
Sample

Chemical Shift

Si Unit

Ratio

(ppm)
Silica Gel

10HMS-EE

12HMS-EE

15HMS-EE

16HMS-EE

-101.80

0.27

-111.18

Q4

0.73

-103.37

QJ

0.38

-112.87

Q4

0.62

-102.0

QJ

0.40

-110.8

Q4

0.60

-96.28

QJ

0.35

-106.45

Q4

0.65

-101.99

QJ

0.28

-111.87

Q4

0.72
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Figure 3.6 ^Si Solid State NMR for 12HMS-EE and Silica Gel
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-200

Table 3.5 Physical properties of Silica Gel and HMS-EE
Sample

dioo

ao

Pore Size

Surface Area

Wall Thickness

(nm)

(nm).

BJH

(m2/g)

(nm)

(nm)
SG

NA

NA

3.1

350

NA

10HMS-EE

3.8

4.4

2.6

700

1.8

12HMS-EE

3.6

4.2

4.1

870

0.1

15HMS-EE

4.1

4.7

5.4

670

-0.5

16HMS-EE

4.5

5.2

6.6

420

-1.4

The surface area of 10HMS-EE was calculated as less than 12HMS-EE, but
the pore diameter was smaller. The XRD d-spacing for 10HMS-EE estimates a
slightly larger repeat distance than the repeat distance estimate in 12HMS-EE, and
therefore thicker walls. Thicker walls would also account for the lower surface area
calculated for 10HMS-EE. Synthesis of 10HMS followed the same procedure and it
is unclear as to why its physical properties did not follow the same trends. Surface
area analysis showed silica gel has less than half the surface area of 12HMS-EE. As
expected XRD patterns showed the SG sample to be amorphous. Because of the
difficulty in obtaining accurate pore size data; the repeat distance is smaller than the
pore diameter in 15HMS-EE and 16HMS-EE. It is believed the pore size has been
over-estimated by the BJH pore size model used. Figure 3.7 shows the XRD spectra
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for 12HMS. All XRD spectra and adsorption isotherms can be found in the
Appendix.
Unlike in the literature data, a second peak was obtained in the XRD patterns
for the all HMS-EE samples. This peak was not very intense, but could indicate
increased order.

2 Theta Scale

Figure 3.7 XRD Pattern of 12HMS-EE
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3.6.5 Amount of Grafted Ligand
A ^S i MAS SSNMR spectrum and elemental analysis was obtained for all
funcdonalized products. The same method was used as described previously. The
results are summarized in Table 3.6.

Table 3.6 Chemical Shift and Integral Ratios for Funcdonalized Materials
Chemical Shift of

Silica

Silane

Silane (ppm)

Unit

Ratio

SG-MP

-56.81

Sz

0.054

0.239

12HMS-MP

-55.42

S2

0.152

0.024

15HMS-MP

-51.99

s2

0.145

0.162

I6HMS-MP

-55.66

sz

0.082

0.279

SG-AM

-60.12

s*

0.094

0.184

12HMS-AM

-65.14

Ss

0.215

0.082

15HMS-AM

-65.55

Si

0.244

0.023

16HMS-AM

-62.14

Si

0.292

0.177

SG-AB

-65.82

si

0.049

0.285

12HMS-AB

-66.80

Si

0.214

0.210

10HMS-AB

-66.89

s3

0.201

0.165

Sample

Q3 Ratio

In most funcdonalized samples the Q3 peak has visibly decreased in area. This
indicates the grafting of the ligands has changed the Si-OH environment The silane
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peaks aie identified as S2 and S3 units based on their chemical shift. This indicates
good surface coverage of the ligand. From the deconvoluted data obtained, the
amount of ligand grafted to the surface was calculated using the general reaction
formula presented as Equation 3.1.

(Si02)1.x(Si0X5H)x + Si(OCH3)3L ->
(Si02)i.x+yS(SiOr5H)s.^[SiOza(OCH3)3-zL]y + yzCH3OH Equation 3.1

In Equation 3.1 x represents the percent of Q3 sites present in the HMS-EE
product and is obtained from the 29Si MAS SSNMR deconvoluted spectrum, y
represents the ligand stoichiometric factor, and z represents the number of Si-0 bonds
formed in the grafting reaction. There are two ways to obtain a value for y: use the
percent of S2 or S3 sites present in the funcdonalized HMS or SG spectra, or from the
percent weight of S or N in the elemental analysis results. Z can be calculated by
solving the equation E = x-yz where E is the number of Q3 sites in the funcdonalized
HMS or SG sample.
The NMR spectra are presented in the Appendix. Table 3.6 lists the amount
of grafted ligand for all samples funcdonalized and compares the percent N or S in
the samples as calculated from elemental analysis and SS-NMR results. The
elemental analysis serves as a check on the calculated values determined by the
deconvoluted NMR data.
The calculations performed to determine the amount of ligand grafted are
based on deconvoluted NMR data. The deconvolution process matches a trace line to

51

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

the peaks and then determines the area under the curve. Since the trace line match is
based on sight, there are problems with reproducibility. However, the elemental
analysis serves as a check and seems to confirm the deconvoluted data and therefore
the amount of grafted ligand reported in Table 3.7.
Theoretically there should be increased ligand coverage with increased surface
area, and this seems to be the case for the MP ligand. The AM ligand does not follow
this pattern, and reasons for this will be explored in Chapter S.

Table 3.7 Surface Coverage of G rafted Ligand
Sample

EA % N o rS

NMR % N o rS

Grafted Ligand
(mmol/g)

SG-MP

2.9

2.5

0.78

12HMS-MP

7.1

6.7

2.1

15HMS-MP

6.2

6.0

1.9

16HMS-MP

3.5

3.6

1.1

SG-AM

2.8

1.9

1.3

12HMS-AM

4.1

3.8

3.1

15HMS-AM

3.9

4.1

3.0

16HMS-AM

4.4

4.3

3.1

SG-AB

2.7

1.9

0.67

12HMS-AB

6.0

5.7

2.0

10HMS-AB

5.9

5.6

2.0
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3.7 Summary of Results
The physical properties of the HMS synthesized in this dissertation work and
literature values showed good agreement. Comparisons of the XRD d-spacing
between literature and obtained values for 12HMS-EE and 16HMS-EE were very
close. Literature d-spacing values for 12HMS-EE and 16HMS-EE were 3.6 and 4.8
respectively, and d-spacing obtained in this research for 12HMS-EE and 16HMS-EE
were 3.8 and 4.S respectively. Surface area determinations obtained in this work
were somewhat higher and pore diameter bigger than literature values. This was not
completely unexpected due to the difficulties with the pore diameter calculations, and
the belief they were overestimated in this work causing negative wall thickness values
in some samples.
Theoretically the best material to use as a metal adsorbent would have the
highest surface area and the largest percentage of Q3 units. This is expected to
produce the highest surface coverage of the chelating ligand. By these criteria
12HMS-EE is thought to be the best parent material. This proved to be the case when
studying results of the calculated surface coverage. For all samples the funcdonalized
12HMS showed higher or equivalent ligand surface coverage when compared to the
other funcdonalized HMS materials. Due to this data, and the availability of some
12HMS extraction data found in literature, the funcdonalized analogs of 12HMS were
chosen for metal extraction experiments. Funcdonalized SG will serve as blanks in
these experiments to determine the importance of the increased pore structure of
HMS.
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4 Adsorption Using 3-MercaptopropyltrimethoxysiIane
4.1 Introduction
3-Mercaptopropyltrimethoxysilane was grafted onto the surface of HMS and
SG to facilitate in the adsorption of metals from solution. These materials are named
12HMS-MP and SG-MP respectively. 12HMS-MP was used to extract Cu2+, Hg2+,
and Pb2+ from aqueous solution. SG-MP was used to extract Hg2+ from aqueous
solution. Stock solutions of these metals were prepared using their nitrate salts.
Linear Langmuir plots are used to determine the adsorption capacity of the material
by taking the reciprocal of the y-intercept. Adsorption capacity is used to define the
maximum extraction of a metal, and to compare the extraction of different metals.
Different materials are compared by calculating the ratio of amine content and the
adsorption capacity. Metal concentrations are determined by ICP-MS analysis. The
data is presented as an adsorption isotherm where the x-axis is the metal
concentration after extraction in mmol/L, and the y-axis is the molar amount of metal
adsorbed per gram of chelator in mmol/g.
One study was found that used 12HMS-MP to extract Hg2+ from aqueous
solution.1 The adsorption capacity determined in the Mercier study was 1.5 mmol/g.
No mention of solution pH was given in this work.

4.2 Metal Extraction
4.2.1 pH Optimization
Optimal pH values for the extraction of Pb2+ and Cu2+ are discussed in
Chapters 5 and 6 respectively. The optimal pH value for the extraction of Hg2+ was
not determined. Mercury salts are not very soluble in aqueous solution, and the pH
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must be lowered to achieve complete dissolution of the Hg2+ salt Therefore Hg2+
extraction data was performed at a solution pH of approximately 3.0. Nitric acid was
added to stock solutions to completely dissolve the Hg(N03>2.

4.2.212HMS-MP Extraction of Cu2*
Cu2+ was added to solution using Cu(N03)2 salt. It was determined in a prior
experiment outlined in Chapter 6, that the optimal pH for Cu2+ adsorption is
approximately 6.5. Solution pH was altered using nitric acid and sodium hydroxide.
At this pH the most concentrated Cu2+ solution that could be tested was 30 ppm to
avoid the formation of a copper precipitate. Five solutions with concentrations of
appriximately 1 ,5 ,10,15, and 30 ppm were used in extraction studies. Each solution
was analyzed in triplicate. The adsorption capacity was determined to be 1.807 ±
0.172 mmol/g. Figure 4.1 is the extraction data for Cu2+ by 12HMS-MP at solution
pH of approximately 6.5. The data was shown to fit the linear Langmuir plot with an
r2 value of 0.79.

4.23 12HMS-MP Extraction of Pb2+
Lead was added to solutions using Pb(N03)2 salt. It was determined in a prior
experiment, outlined in Chapter 5, that the optimal pH for Pb2+ adsorption is
approximately 4.0. Therefore, extractions.were performed at the optimal pH. Four
Pb2+ solutions with concentrations of approximately 1,10,25, and 40 ppm were used
in extraction studies. Each concentration was analyzed in triplicate. The calculated
adsorption capacity for 12HMS-MP with Pb2+ is 0327 ± 0.101 mmol/g. The
adsorption data is shown in Figure 4.2. The data was shown to fit the linear
Langmuir plot with an r2 value of 1.00.
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Figure 4.2 Pb2* Adsorption Data for 12HMS-MP of at Solution pH ~ 4.0
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4.2.412HMS-MP Extraction of Hg2*
Hg2+ was added to solution using Hg(NOs) 2 salts. The stock solution pH was
adjusted using nitric acid to approximately 3.0: Eight solutions with concentrations
of approximately 1 ,1 0 ,1 5 ,2 0 ,3 0 ,4 0 , and 60 ppm were used in the extraction study.
All solutions were analyzed in triplicate. The adsorption capacity was calculated to
be 1.777 ± 0.053 mmol/g. Figure 4.3 is the adsorption data. The data was shown to
fit the linear Langmuir plot with an r2 value of 0.82.
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Figure 43 Hg2* Adsorption Data for 12HMS-MP of at Solution pH ~ 3.0
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0.16

4 J i SG-MP Extraction of Hg2*
Hg2+ was added to solution using Hg(N0 3 > 2 salts. The stock solution pH was
adjusted using nitric acid to approximately 3.0. Five solutions with concentrations of
approximately 1,5,10, IS, 20 and 30 ppm were used in the extraction study. All
solutions were analyzed in triplicate. The adsorption capacity was calculated to be
0.132 ± 0.029 mmol/g. Figure 4.4 is the adsorption data for Hg2+ extraction by SGMP at a solution pH of approximately 3.0. The data was shown to fit the linear
Langmuir plot with an r2 value of 0.99.
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Figure 4.4 Adsorption Data for SG-MP at Solution pH - 3.0
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4 3 Sum m ary of Data
Table 4.1 summarizes the adsorption data for 12HMS-MP and SG-MP.

Table 4.1 Adsorption Capacity using 3-MercaptopropyItrimethoxysilane as
Chelating Ligand
Sample

Metal

Initial

Adsorption

SH

Literature

pH

Capacity

Content

Adsorption

(mmol/g)

(mmol/g)

Capacity
(mmol/g)

SG-MP

H r+

3.0

0.132 ±0.029

0.78

NA

12HMS-MP

Hgi+

3.0

1.777 ±0.053

2.1

1.5
Unknown pH

12HMS-MP

Cu2+

6.5

1.807 ±0.172

2.1

NA

12HMS-MP

Pb"

4.0

0.327 ±0.101

2.1

NA

4.4 Discussion
4.4.1 Adsorption Data
Optimal pH determinations were not performed for Hg2+ extraction. This is
due to the low solubility of Hg(N0 3 h in solution. Hg2+ extraction was performed at a
solution pH of 3.0 which was a pH where the Hg(N0 3 h was completely dissolved in
the sample solution. The calculated adsorption capacity for 12HMS-MP extraction of
Hg2+ is 1.777 ± 0.053 mmol/g. The adsorption capacities of 12HMS-MP for Cu2+
and Pb2+ were also calculated as 1.807 ± 0.172 and 0.327 ± 0.101 mmol/g,
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respectively. From this data it is evident that 12HMS-MP extracted Cu2+ and Hg2+
much more effectively than its extraction of Pb2+. This conclusion can also be
reached by studying the adsorption isotherms of copper, mercury, and lead. The
slope of the copper and mercury isotherm before the plateau region is much steeper
than the lead adsorption isotherm. This is due to higher percent extraction of Cu2+
and Hg2+. The percent extraction data is presented in Table 4.2. The percent
adsorption for Pb2+ is consistently lower than the percent adsorption for Cu and Hg.
The data shows that 12HMS-MP adsorbs Cu2+ and Hg2+ at about the same efficiency.
SG-MP was used to extract Hg2+ at a solution pH of 3.0. SG-MP had a lower
adsorption capacity than 12HMS-MP, 0.132 ± 0.029 and 1.777 ± 0.053 mmol/g
respectively. This smaller adsorption capacity is thought to be due to smaller surface
coverage of the mercaptan ligand, and the increased porosity of the 12HMS-MP
material. To compare the extraction of Hg2+ using SG-MP and 12HMS-MP a molar
ratio of mercaptan ligand and adsorption capacity is calculated. This is done to
compensate for the lower surface ligand coverage of SG-MP. The mercaptan content
was calculated using 29Si SS-NMR data. Table 4.3 summarizes the adsorption data of
12HMS-MP and SG-MP.
The molar ratio calculated indicates the amount of ligand used to chelate a
mercury ion. The lower the ratio, the more effective the adsorbent. The molar ratio
of SG-MP is almost five times higher than 12HMS-MP. This is believed to be due to
the higher porosity of the 12HMS-MP material. It been reported that functionalizing
SG causes pore blockage that reduces the accessibility of the chelator to the metal.2
The data is this adsorption study seems to support this conclusion.
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Table 4.2 Percent Extraction of Cu2*, H g^, and Pb2* Using 12HMS-MP
Metal

Approximate

Initial Metal

Percent

Initial pH

Concentration

Extraction

(ppm)
Cu

6.5

1.0

763

Cu

6.5

5.2

92.6

Cu

6.5

10.1

82.1

Cu

6.5

12.1

89.2

Cu

6.5

29.3

40.2

Hg

3.0

1.1

65.6

Hg

3.0

3.6

76.9

Hg

3.0

8.4

92.3

Hg

3.0

13.5

95.1

Hg

3.0

17.5

95.3

Hg

3.0

28.9

97.2

Hg

3.0

45.8

76.8

Hg

3.0

67.8

54.3

Pb

4.0

1.1

64.6

Pb

4.0

11.5

34.2

Pb

4.0

30.9

33.7

Pb

4.0

38.8

27.6
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Table 4 3 Comparison o f Adsorption Capacity for Hg2* and SH Content for
12HMS-MP and SG-MP
Sample

SH Content

Adsorption

SH Content/

(mmol/g)

Capacity (mmol/g)

Adsorption
Capacity

12HMS-MP

2.1

1.777 ±0.053

12

SG-MP

0.78

0.132 ±0.029

5.9

4.4.2 Solution pH
For all extraction experiments the pH of solution was recorded before and
after metal extraction. For all metals tested the pH decreased after extraction except
for one point, even with low initial pH. This would indicate that the mercaptan center
loses a proton when chelating the metal. A summary of pH data for Hg2* extraction
is presented in Table 4.2.
Cu2* and Pb2* showed similar change in pH. This would indicate, for
12HMS-MP extraction of all metals studied, a proton is released from the mercaptan
center either before or after the metal is chelated. However, in most cases the change
in pH is greater than would be theoretically predicted. If a single proton is lost per
metal chelated, than the amount of protons released into solution should be equal to
the molar amount of metal adsorbed. This proton increase is then added to the proton
concentration of the solution calculated from the initial solution pH. This new proton
concentration can be calculated as a pH. Equation 4.1 shows the formula used to
calculate theoretical pH.

63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

pH = -Iog([H+]initial + 1H+U ..3

Equation 4.1

The reason as to the increase in proton concentration over the theoretical calculation
is unknown.

Table 4.4 pH Data for 12HMS-MP Adsorption of Hg2*
Sample

Initial pH

Final pH

Change in

Theoretical

Amount

pH

Final pH

Adsorbed
(mmol/g)

1

4.13

3.34

0.79

4.11

0.036

5

2.88

2.91

-0.03

2.87

0.137

10

2.70

2.69

0.01

2.69

0.373

15

2.56

2.45

0.10

2.55

0.641

20

2.42

2.33

0.09

2.41

0.828

30

2.24

2.19

0.05

2.21

1.398

40

2.44

2.27

0.17

2.42

1.738

60

2.20

2.17

0.03

2.19

1.808

4.43 Ligand Metal Bonding
It appears the mercaptan center interacts with the metal in a one to one ratio as
reported in a study performed by Feng et. al.3 During this chelation a proton is
released from the mercaptan. It was reported in the Feng study that the metal is
chelated as an oxide. This conclusion was reached by studying electron energy
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dispersive spectroscopy (EDS) spectra, EXAFS, and I3C SS-NMR spectra of a Hg2*
saturated MCM-41 compound fimctionalized with 3-mercaptopropyltrimethoxysilane.
The conclusion of this literature study was the mercaptan formed a bond with a
mercury oxide.
Comparison of SH content and adsorption capacity ratio showed that both
Cu2* (ratio of 1.1) and Hg2* (ratio of 1.2) chelate with the ligand in a one to one ratio.
Some of the unreacted mercaptan centers may be inaccessible to the metal. 12HMSMP adsorption capacity for Pb was much lower than the mercaptan content (ratio of
6.4). This indicates a low affinity of mercaptan for Pb2*. No conclusion for the
bonding between Pb2* and the mercaptan was reached. The bonding between Hg2*
and Cu2* and the mercaptan seem to support the Feng study of a one to one reaction.
No studies were performed on the chelated samples to determine the chemical
speciation of the adsorbed metal.

4.5 Summary of Results
12HMS-MP was shown to chelate Cu2* and Hg2* at close to a one to one ratio
with an adsorption capacity of 1.807 and 1.777 mmol/g respectively. This indicates a
high affinity of the mercaptan for Cu2* and Hg2*. 12HMS-MP did not have a high
affinity for Pb2* with an adsorption capacity of 0.327 mmol/g.
Extraction experiments were also performed using SG-MP. The purpose of
these experiments was to determine if the increased porosity of 12HMS-MP was an
advantage of metal extraction. It was concluded that porosity did offer an advantage
for 12HMS-MP. This conclusion was based on the molar ratio of mercaptan content
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and adsorption capacity. The calculated ratio for 12HMS-MP was 1.2, almost five
times lower than the ratio for SG-MP of 5.9.
The adsorption capacity determined in this study agreed with the literature
data of Mercier and Pinnavaia.1 The cited data reported an adsorption capacity for
12HMS-MP adsorption of Hg2+ as 1.5 mmol/g. This agrees very well with the
calculated adsorption capacity of 1.777 mmol/g.

4.6 References
1Mercier, L, Pinnavaia, T, Environmental Science and Technology 1998,32,2749
2 Mercier, L, Advanced Materials 1997,9(6), 500
3 Feng, X, Science 1997,276,923
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5 Metal Adsorption Using 3-Aminopropyltrimethoxysilane
5.1 Introduction
3-Aminopropyltrimethoxysilane was grafted on the surface of silica gel (SG)
and 12HMS. This ligand was chosen because it was shown in prior work to be a
good extractor of both Pb2* and Cu2*.1 hi the cited article SG was used as the starting
material. The results were an adsorption capacity of SG-AM for Pb2* of 0.093
mmol/g at pH 4.7, and an adsorption capacity of SG-AM for Cu2* of 0.574 mmol/g at
a pH of 7.1. This dissertation work will determine the adsorption capacity of
12HMS-AM for Cu2* and Pb2*, and the adsorption capacity of SG-AM for Pb2*.
Limited adsorption data was also determined for the extraction of Hg2* by 12HMSAM. The pH was optimized for Pb2* using 12HMS-AM as the adsorbent. Stock
solutions of these metals were prepared using their nitrate salts. Also presented is
bonding information obtained from FT-IR spectra of Pb saturated 12HMS-AM and
12HMS-AM, and 15N MAS SS-NMR spectra of Pb saturated 16HMS-AM and
16HMS-AM samples.
Linear Langmuir plots are used to determine the adsorption capacity of the
material by taking the reciprocal of the y-intercept. Adsorption capacity is used to
define the maximum extraction of a metal, and to compare the extraction of different
metals. Different materials are compared by calculating the ratio of amine content
and the adsorption capacity. Metal concentrations are determined by ICP-MS. The
data is presented as an adsorption isotherm where the x-axis is the metal
concentration after extraction in mmol/L, and the y-axis is the molar amount of metal
adsorbed per gram of chelator in mmol/g.
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5.2 A dsorption D ata
5.2.1 pH Optimization
Solutions were run at pH values of approximately 4.0,5.0,6.0,7.0, and 8.0.
The extraction data for pH 7.0 and 8.0 was determined to be unreliable due to
precipitation of a Pb salt. NaOH was used to adjust the solution to higher pH and
nitric acid was used to lower solution pH. Seven solution concentrations of 1,5,10,
15,20,30,and 40 ppm were used for Pb2* extraction at a pH of 4.0. Five solution
concentrations of 2 ,5 ,1 0 ,2 0 , and 40 ppm were used for Pb2+ extraction at a pH of
5.0. Four solution concentrations of 2,10,20, and 40 ppm were used for Pb2*
extraction at a pH of 6.0. The data for the solution pH of 4.0 was shown to fit the
linear Langmuir plot with an r2 value of 0.86. The data for the solution pH of 5.0 was
shown to fit the linear Langmuir plot with an r2 value of 0.93. The data for the
solution pH of 6.0 was shown to fit the linear Langmuir plot with an r2 value of 0.99.
5.2.212HMS-AM Extraction of Cu2*
Four solutions of Cu2+ with concentrations of 5,10,20, and 30 ppm were
analyzed in triplicate. The data was fit to the linear Langmuir model and the
adsorption capacity of 12HMS-AM for Cu2* was calculated to be 0.826 ± 0.007
mmol/g. The solution pH was approximately 4.0. The data did not fit the Langmuir
isotherm or the linear Langmuir isotherm with an r2 value of 0.12. This poor fit is
addressed in Section 4.4.1.
5.23 12HMS-AM Extraction of Hg2*
Two solutions of Hg2* with concentrations of 15 and 35 ppm at a solution pH
of approximately 3.0 were analyzed in triplicate. Adsorption maximum was not
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determined for the 12HMS-AM adsorption of Hg2* The adsorption data is shown in
Figure 53 .
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Figure 5.1 Adsorption Data of Pb2* for 12HMS-AM at Solution pH
of 4.0,5.0, and 6.0.
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Figure 5.2 Adsorption Data of Cu2* with 12HMS-AM at Solution pH ~ 4.0
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Figure 53 Adsorption Data for Hg2* using 12HMS-AM at a Solution pH ~ 3.0
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5.2.4 SG-AM Extraction of Pb2*
Four solutions of Pb2* with concentrations of 1,3 ,7 , and 10 ppm were used in
extraction studies. The initial and final concentrations of Pb were determined by ICPMS. This data was fit to the linear Langmuir model and the adsorption capacity was
determined to be 0.295 ± 0.045 mmol/g. The solution’s pH was approximately 4.0.
Figure 5.4 is a plot of the data. The data for the solution pH of 6.0 was shown to fit
the linear Langmuir plot with an r2 value of 1.00.
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Figure 5.4 Adsorption Data of Pb2* with SG-AM at Solution pH ~ 4.0
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036

5 3 Sum m ary o f D ata
The adsorption data is summarized in Table 5.1.
Table 5.1 Adsorption Capacity Using 3-Aminopropyltrimethoxysilane
as Chelating Ligand
Sample

Metal

Initial pH

Adsorption

nh2

L iterature

Capacity

Content

Adsorption

(mmol/g)

(mmol/g)

Capacity
(mmol/g)

SG-AM

Pb"

4.0

0.295 ±0.045

1.3

0.093
(p H -4 .7 )

12HMS-AM

Pb"

4.0

1.276 ±0.200

3.1

NA

12HMS-AM

Pb"

5.0

0.612 ±0.011

3.1

NA

12HMS-AM

Pb"

6.0

0.847 ±0.031

3.1

NA

12HMS-AM

C u"

4.0

0.826 ±0.007

3.1

0.574
(pH -7 .0 )

12HMS-AM

H g"

3.0

NA

3.1

NA

(Maximum
0.755 ± 0.063)

5.4 Discussion
5.4.1 Adsorption Data
From the adsorption data it was found that 12HMS-AM removed Pb2+ at
solution pH of 4.0 more effectively than it removed Cu2+ and Hg2+. This conclusion
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is based upon the calculated adsoiption capacities (1.276 ± 0.200,0.826 ± 0.007, and
maximum 0.7SS ± 0.063 respectively) and by studying the shapes of the adsorption
isotherms. The shape of the adsorption isotherm for 12HMS-AM removal of Pb2+ at
solution pH 4.0 shows a very steep slope followed by a plateau. This indicates close
to complete extraction of Pb2* at lower concentrations, and then a saturation of the
12HMS-AM for Pb2*. Percent extraction decreases in the plateau region of the
isotherm. In the extraction of Cu2* and Hg2*, the percent metal extraction was
uniformly lower than the percent metal extraction for Pb2*. This can also be seen in
the decreased slope of the adsorption isotherms. This implies a lower affinity of the
ligand for copper and mercury. In fact, the Cu2* adsorption data did not fit the
Langmuir adsorption isotherm. It is believed the extraction had already reached the
adsorption capacity at the lowest concentration tested. Adsorption points at lower
Cu2* concentrations may have improved the fit of the data to the Langmuir plot.
Table 5.2 lists the percent extraction for the removal of Cu2*, Pb2* and Hg2* by
12HMS-AM.
The extractions were performed at approximately the same solution pH to
determine if 12HMS-AM could be used for the selective extraction of any of the
metals tested. The percent extraction data clearly shows a preference for Pb2*
removal over Cu2* and Hg2* as shown in Table 5.2. This would indicate a selective
extraction of Pb2*. The adsorption data calculated in mmol/g does not show as great
an advantage for Pb2* extraction due to the much lower molecular weight of copper.
Adsorption capacity for Pb2*, Cu2* and Hg2* in mg/g is 264.33,52.51, and 151.44
respectively. This data would also indicate a preferred extraction of Pb2*. Percent

73

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

extraction and amount of metal adsorbed for all extraction experiments using
12HMS-AM and SG-AM can be found in the Appendix.

Table 5.2 Percent extraction of Pb2*, Cu2*, and Hg2* Using 12HMS-AM
Metal

Approximate

Initial Metal

Initial pH

Concentration (ppm)

Pb

4

1.03

88.47

Pb

4

5.56

87.22

Pb

4

10.79

94.21

Pb

4

16.05

96.64

Pb

4

21.42

98.80

Pb

4

31.13

77.59

Pb

4

40.68

64.60

Cu

4

5.19

96.40

Cu

4

10.30

50.60

Cu

4

21.06

29.46

Cu

4

30.50

14.73

Hg

3

14.75

65.90

Hg

3

42.85

34.18

Percent Extraction

Adsorption capacity must be related to the amount of ligand available to
chelate the metal in order to compare 12HMS-AM and SG-AM. The ratio of NH2
content and adsorption capacity is summarized in Table 5 3 .
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There were approximately 2.4 times mote NEfe groups present in the 12HMSAM sample as compared to the SG-AM sample. The 12HMS-AM sample chelated
4.3 times more Pb2+ than the SG-AM. About 22% of the NH2 content was involved
in bonding of Pb2+ in the SG-AM sample. Approximately 41% of the NH2 content in
12HMS-AM was involved in bonding. 12HMS-AM has close to twice the adsorption
capacity for Pb2+ as SG-AM. The most significant difference between these two
samples is the lower porosity o f SG-AM. Due to the increased porosity 12HMS-AM
has significantly better adsorption capacity for Pb2+ than SG-AM. Therefore,
porosity is an important property in the adsorption of Pb2+ using the MP ligand. This
may be due to increased accessibility of the ligand for the metal.

Table 5 3 Comparison of Adsorption Capacity for Pb2+ and NH 2 Content for
12HMS-AM and SG-AM
Sample

NH 2 Content

Adsorption

NH 2 Content/

(mmol/g)

Capacity (mmol/g)

Adsorption
Capacity

12HMS-AM

3.1

1.276

2.4

SG-AM

1.3

0.295

4.4

5.42 Solution pH
There was some precipitation in solutions of concentrations greater than 40 ppm
at pH 6. Therefore, only extraction data with pH of 4.0,5.0, and 6.0 was analyzed by
fitting to the Langmuir model to determine adsorption capacity. The adsorption
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capacity for solution pH 4.0,5.0, and 6.0 were found to be 1.276 ± 0.200,0.612 ±
0.011, and 0.847 ± 0.031 mmol/g respectively. For all extraction experiments,
solution pH was recorded before and after extraction. Solution pH generally
increased after extraction of Pb2+and Cu2+ using 12HMS-AM and SG-AM. This
would indicate that protons were not released to the solution as the metal was
adsorbed. Table 5.4 shows the pH changes of the solutions in the extraction of Pb2+
with 12HMS-AM.

Table 5.4 pH D ata for 12HMS-AM Adsorption of Pb2+
Sample

Initial pH

Concentration

Final pH

Change in

Amount

(average)

pH

Adsorbed

(ppm)

(mmol/g)

1

3.92

7.92

4.00

0.044

5

4.12

8.28

4.16

0.235

10

3.70

6.72

3.02

0.490

15

4.25

7.83

3.58

0.747

20

3.91

7.33

3.42

1.020

30

3.75

4.83

1.08

1.165

40

4.21

4.83

0.62

1.265

There is a trend for the pH to increase, but the change in pH becomes smaller as
the amount adsorbed increases. The exact reason for this remains unclear. The
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released protons may interact with an amine that is not chelated to a metal forming an
amine salt. Another possibility is that the proton may not be released from the amine
when it chelates a metal. There is no direct evidence to explain the change in pH
results. The Appendix contains a complete listing of pH data for metal extraction
experiments using 12HMS-AM.

5.43 1SN SS-NMR
15N SS-NMR was used in this study to obtain information on the packing of
metals inside the pore tunnels when a primary amine is used as the extracting ligand.
The l5N isotope must be used because it is the only nitrogen spin xh nuclei. It has a
low natural abundance, 0.36%, significantly decreasing the sensitivity. Cross
polarization techniques must be used with protons as the excitation source. Therefore
a proton must be directly bonded to the 1SN nucleus for the nitrogen to be seen in the
spectrum. This method was used to obtain only qualitative information. This is due
to peak intensities being dependent on the number of 1SN sites and the number of
protons bonded to that l5N site. Information was obtained on the number of I5N
environments that are protonated before and after metal extraction. This provides
direct evidence as to whether the amine environment is changed during metal
extraction. This evidence could be either a change in chemical shift, lowering of peak
intensity, or disappearance of a peak.
There is evidence for a change in the environment of the amine, and evidence of
a loss of protons on some nitrogen centers. The nitrogen environment underwent a
change during extraction. Evidence of this was seen in 1SN SS-NMR spectrum of
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16HMS-AM and Pb saturated 16HMS-AM. The 16HMS-AM was saturated with a
1000 ppm Pb(N0 3 ) 2 solution for 24 hours. The spectra are shown in Figure 5.5.
The Pb saturated 16HMS-AM sample Has aftingle nitrogen environment with
protons directly bonded, and the 16HMS-AM has two nitrogen environments with
protons directly bonded. This indicates a change in the nitrogen environment during
metal extraction. The intensity of the remaining peak has also decreased in the Pb
saturated sample. This indicates either fewer nitrogen centers in this environment or
fewer protons bonded to that nitrogen center. Table 5.5 summarizes the deconvolved
I5N SS-NMR data.
Theoretically one would expect only one peak representing the primary amine in
the 16HMS-AM. It is believed to be the peak at 61.1 ppm. In chapter three, the
amount of ligand grafted to 12HMS-AM was calculated to be 3.1 mmol/g. This was
more than what was expected and the amount grafted did not decrease in the lower
surface area materials. This is believed to be due to autocatalytic polymerization of
3-aminopropyltrimethoxysilane in the grafting reaction. There is strong hydrogen
bonding between the nitrogen center and the methyl groups of the trimethoxysilane,
causing a head to tail polymerization. This would account for a second nitrogen
environment of a secondary amine occurring at 115.8 ppm. This also explains the
increased nitrogen content, as chains are growing and condensing on the surface. In
the Pb saturated spectra there is only one peak visible at 62.4 ppm. This could be a
primary amine or an amine salt A table of chemical shifts in 1SN SS-NMR is given
in the Appendix. Conclusions beyond this are difficult because the number of protons
affect the integral of the peak.
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Figure 5 3 15N SS-NMR of 16HMS-AM and Pb Saturated 16HMS-AM

Table 5 5 1SN SS-NMR Data for 16HMS-AM and Pb Saturated 16HMS-AM
Sample

Frequency (ppm)

Integral

16HMS-AM

114.7388

199.9986

16HMS-AM

61.1146

524.7352

Pb Saturated 16HMS-AM

62.352

283.326
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5.4.4 FT-IR Spectroscopy Data
Fourier transform infrared spectroscopy (FT-IR) is used in this work to help
determine the type of functional groups present in 12HMS-AM and Pb saturated
12HMS-AM. The 12HMS-AM and the Pb saturated 12HMS-AM samples were
analyzed in a KBr pellet. The FT-IR spectra are shown in Figures 5.6 and 5.7.
Tables 5.6 and 5.7 summarize the data.
The spectra showed very broad peaks, and therefore hid many of the weak or
medium peaks. To compare spectra, the peak at 1050 cm'1was chosen as a reference.
This peak is identified as the Si-O-Si stretch, and is the only peak to remain constant
between the samples. The peak at 2360 cm 'l in the Pb saturated 12HMS-AM sample
is identified as carbon dioxide. Changes in the appearance of this peak therefore are
ignored. There were some minor differences between the Pb saturated 12HMS-AM
sample and 12HMS-AM. Most of these differences were changes in the intensities in
the regions of 1495-1640 cm '1, and 796 cm*1. The region 1495-1640 cm '1was
identified as the primary or secondary aliphatic amine or amine salt. In the Pb
saturated sample these peaks decreased in intensity when referenced to the Si-O-Si
peak. There is one peak visible in these spectra that can differentiate between an
aliphatic amine and amine salt.2 The amine has a peak at 790 cm'1. In the Pb
saturated sample the intensity of the peak at 790 cm '1decreases. This would indicate
an increase in primary or secondary amine salt. The broad peak at 3440 cm '1 is
identified as both an -O H and an aliphatic amine. This peak will also show adsorbed
water on the material. Because these factors varied from sample to sample, no
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conclusions were drawn from a slight decrease in intensity of the peak at 3440 cm*1 in
the Pb saturated sample.
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Figure 5.6 FT-IR Spectra of 12HMS-AM
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Figure 5.7 FT-IR Spectra of Pb Saturated 12HMS-AM
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900

Table 5.6 FT-IR G roup Assignments for 12HMS-AM
Peak

Wave N um ber (cm*1) Peak Description

Group

a

3440

Strong, Broad

r n h 2, r n h 3+, h 2o

b

1640

Medium, Sharp

r n h 2, r n h 3+, r n h r

c

1380

Medium, Sharp

Si-CH2

d

1132

Strong, Broad

Si-O-Si

e

795

Medium, Sharp

rnh2

Table 5.7 FT-IR G roup Assignments for Pb Saturated 12HMS-AM
Peak

Wave Num ber (cm'1)

Peak Description

Group

a

3408

Strong, Broad

r n h 2, r n h 3+, h 2o

b

2362

Medium, Sharp

co2

c

1634

Medium, Sharp

r n h 2, r n h 3+, r n h r

d

1050

Strong, Broad

Si-O-Si

e

796

Medium, Sharp

rnh2

5.4.5 Bonding Between Pb2+ and the Amine
From 29Si SS-NMR and elemental analysis results, 3.1 mmol/g was
determined to be the amount of ligand bonded to 12HMS-AM. The best Pb2+
adsorption capacity was determined to be 1.276 mmol/g. This indicates less than half
of the available amine centers are involved in chelating Pb2+. Another possibility is
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that more than one amine center is chelating with each Pb2+. From the 15N SS-NMR
spectra it is clear that not all of the amines are involved in Pb2+ adsorption. It is also
probable that some amine centers are inaccessible to the metal.

5.5 Summary of Results
Adsorption capacity of 12HMS-AM was determined for the adsorption of
Pb2+ and Cu2+. The results were 1.276 ± 0.200 mmol/g and 0.826 ± 0.007
respectively. Two adsorption points were also determined for 12HMS-AM
adsorption of Hg2+ with 0.755 ± 0.063 mmol/g as the maximum adsorption. From
this data it was determined that 12HMS-AM is most effective as an adsorbent of Pb2+.
Studying the slope of the adsorption isotherms supported this conclusion. The slope
was very steep for the adsorption of Pb2+. This is due to the high percent extraction
of Pb2+ by 12HMS-AM. Percent extraction of Cu2+ and Hg2+ were not as high. This
indicates 12HMS-AM has a greater affinity for Pb2+. It also may indicate a selective
extraction of Pb2+. The higher adsorption capacity and percent extraction at
approximately the same solution pH for all metals suggest that 12HMS-AM may
selectively extract Pb2+.
It was also determined that the optimal pH for Pb2+ removal was
approximately 4.0. Adsorption isotherms for 12HMS-AM adsorption of Pb2+ at
solution pH 4.0,5.0 and 6.0 were obtained. Adsorption capacity was calculated, with
solution pH ~ 4.0 as the highest obtained at 1.276 ± 0.200 mmoi/g. The adsorption
capacity of solution pH 5.0 and 6.0 were 0.612 ± 0.011, and 0.847 ± 0.031 mmol/g
respectively.
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It has been stated in prior research that an ordered pore system is
advantageous for metal adsorption.3 This theory was tested by using SG-AM as an
adsorbent, as SG does not have an ordered pore system. 12HMS-AM shows higher
coverage of NH2 groups than SG-AM as determined by ^S i SS-NMR and outlined in
Chapter 3. ^S i SS-NMR determined 12HMS-AM has a NH2 content of 3.1 mmol/g
and SG-AM has a NH2 content of 1.3 mmol/g. To compare the two materials the
ratio of NH2 content and adsorption capacity was used. The ratio for 12HMS-AM
and SG-AM was 2.4 and 4.4 respectively. It was found 12HMS-AM was about twice
as effective as SG-AM when extracting Pb2+ at a solution pH of 4.0. This indicates
the ordered pore system of 12HMS-AM is an advantage when extracting Pb2+ at a
solution pH of 4.0.
The bonding between the amine and Pb2+ was studied by I5N SS-NMR, FTIR, adsorption data, and change in pH of extraction solution. From the ISN SS-NMR
data it was determined the nitrogen environments were affected by extracting Pb2+.
There were two nitrogen environments visible in the 16HMS-AM spectra. These
peaks were identified as a primary and secondary amine. The Pb saturated sample
showed one peak, identified as a primary amine or amine salt. No other conclusions
could be drawn, as the number of protons on each environment was unknown.
Likewise, FT-IR spectra showed a decrease in the primary or secondary amine in the
Pb saturated 12HMS-AM spectra. Adsorption data showed an NH2
content/adsorption capacity ratio of approximately 2.4 in 12HMS-AM. Taking all
results into account, one can conclude that the amine chelates the metal in solution.
The reaction could be one amine to one metal, or in some cases two amines to one
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metal. Changes in pH of the extraction solution showed a dramatic increase in pH
after extraction, especially in dilute metal solutions. The cause of this pH increase is
unknown.
5.6 References
1 Soliman, E M ., Analytical Letters 1997,30(9), 1739
2 Silverstein, Bassler, Morrill “Spectrometric Identification of Organic Compounds,
Third Edition” 1974, John Wiley and Sons, New York
3Pauly,T.R.; Liu, Y.; Pinnavaia, T J.; Billinge, S.J.L.; Rieker, T.P. Journal of the

American Chemical Society, 1999,121,8835-8842
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6 Metal Adsorption Using
p-(Aminoethylaminomethyl)phenyltrimethoxysilane
6.1 Introduction
p-(Aminoethylaminomethyl)phenyltrimethoxysilane was grafted onto the
surface of 12HMS and SG to facilitate the extraction of metals. These materials are
named 12HMS-AB and SG-AB. 12HMS-AB was used to extract Pb2+ and Cu2+ from
aqueous solution and was used to optimize solution pH for the extraction of Cu2+.
SG-AB was used to extract Cu2+ from aqueous solution. Stock solutions of these
metals were prepared using their nitrate salts. No prior research was found using this
ligand to extract metals from solution.
Linear Langmuir plots are used to determine the adsorption capacity of the
material by taking the reciprocal of the y-intercept. Adsorption capacity is used to
define the maximum extraction of a metal, and to compare the extraction of different
metals. Different materials are compared by calculating the ratio of amine content and
the adsorption capacity. Metal concentrations are determined by ICP-MS analysis.
The data is presented as an adsorption isotherm where the x-axis is the metal
concentration after extraction in mmoL/L, and the y-axis is the molar amount of metal
adsorbed per gram of chelator in mmol/g.

6.2 Metal Extraction
6.2.1 pH Optimization
Two solutions pH were analyzed to determine optimal Cu2+ extraction from
aqueous solution. The tested solutions had a pH of approximately 5.0 and 6.5. Four
different solutions of pH 5.0 with Cu2+concentrations of 2,5,25, and 35 ppm were
analyzed in triplicate. Eight solutions with Cu2+ concentrations of 2 ,5 ,7 ,1 0 ,1 2 ,1 5 ,
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20 and 30 ppm with a pH of 6.5 were analyzed in triplicate. The pH of the solution
was adjusted using sodium hydroxide and nitric acid. Adsorption capacity could not
be determined in solutions of pH > 6.5, as Cu2+ concentrations higher than 30 ppm
would precipitate. The adsorption capacity was determined to be 3.309 ±0.183
mmol/g for solutions of pH 6.5, and 0.417 ± 0.012 mmol/g for solutions of pH 5.0.
Figure 6.1 shows the adsorption data for the extraction of Cu2+ using 12HMS-AB at
approximate solution pH of 5.0 and 6.5. The data for the solution pH of 6.5 was
shown to fit the linear Langmuir plot with an r2 value of 0.88. The data for the
solution pH of 5.0 was shown to fit the linear Langmuir plot with an r2 value of 0.96.
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figure 6.1 Adsorption Data of Cu2* for 12HMS-AB at Solution pH of 5.5 and 6.0
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6.2.212HMS-AB Extraction ofPb2*
Two solutions of Pb2+ with concentrations of 25 and 35 ppm at a solution pH
of 4.0 were analyzed in triplicate. Adsorption maximum was not determined for
12HMS-AB adsorption of Pb2+. The data points are shown in Figure 6.2.
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Figure 6.2 Adsorption Data for Pb2+using 12HMS-AB at a Solution pH - 4.0
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0.16

6.23 SG-AB Extraction of Cu2*
Five Cu2+ solutions with concentrations of 1,5,10,15, and 20 ppm were
analyzed in triplicate. The solution pH was adjusted to approximately 6.5. The
adsorption capacity was determined to be 1.343 ± 0.150 mmol/g. The adsorption data
for the SG-AB extraction of Cu2+ is shown in Figure 6.3. The data was shown to fit
the linear Langmuir plot with an r2 value of 0.90.
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Figure 63 Adsorption Data for Cu2+using SG-AB at a Solution pH ~ 63
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6 3 Sum m ary o f Data
The adsorption data is summarized in Table 6.1.
Table 6.1 Adsorption Capacity Using
p-(AminoethylaminomethyI)phenyltrimethoxysiIane as Chelating Ligand
Ligand

Metal

Initial pH

Adsorption

NH 2 Content

Capacity

(mmol/g)

(mmol/g)
12HMS-AB

Cu2+

5.0

0.417 ±0.012

4.0

12HMS-AB

Cu"

6.5

3.309 ±0.183

4.0

12HMS-AB

Pb2+

4.0

NA (Maximum

4.0

0.197 ± 0.009)
SG-AB

6.4

Cu2+

63

1.343 ±0.150

1.34

Discussion

6.4.1 Adsorption Data
12HMS-AB was used to determine the optimal solution pH for Cu2+
extraction. Two sets of solutions at pH S.O and 6.5 were tested. The adsorption
capacity of 12HMS-AB for Cu2+at a pH of 5.0 was calculated to be 0.417 ± 0.012
mmol/g, and for a solution pH of 6.5 the adsorption capacity was 3309 ±0.183
mmol/g. This indicates a substantial advantage of extracting Cu2+ at a solution pH of
6.5. Extraction at a solution pH of approximately 6.5 showed close to an eight-fold
increase in adsorption capacity over extraction at a pH of 5.0. The increased
adsorption effectiveness at the higher pH is also evident by studying the difference in
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slope in the adsorption isotherms shown in Figure 6 .1. The steep slope in the
adsorption points before the plateau indicates a high percent extraction. The
adsorption isotherm for Cu2+ shows a steep slope in this region.Table 6.2 summarizes
the percent extraction for 12HMS-AB adsorption of Cu2+ at pH 6.5 and Pb2+.

Table 6.2 Percent Extraction of Cu2+ and Pb2+ Using 12HMS-AB
Metal

Approximate

Initial Metal

Percent

Initial pH

Concentration

Extraction

(ppm)
Cu

6.5

2.4

70.8

Cu

6.5

5.7

81.7

Cu

6.5

7.5

84.2

Cu

6.5

11.3

90.6

Cu

6.5

12.9

91.1

Cu

6.5

16.2

89.1

Cu

6.5

2 1 .8

93.2

Cu

6.5

32.3

6 8 .0

Pb

4.0

25.4

11.4

Pb

4.0

35.7

14.5

12HMS-AB was also more effective in adsorbing Cu2+ at a solution pH of 6.5
than Pb2+ at a solution pH of 4.0. This conclusion is based on the higher adsorption
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capacity for Cu2* (3.309 ± 0.183 mmol/g vs. 0.197 ± 0.009 mmol/g maximum), and
the increased slope in the adsorption isotherm of Cu2*.
SG-AB was used to extract Cu2* at the optimal pH of 6.5. It was calculated
by 29Si SS-NMR in Chapter 3 that 0.670 mmol/g of
p-(Aminoethylaminomethyl)phenyltrimethoxysilane was grafted onto the surface of
SG, and 2.0 mmol/g was grafted onto the surface of 12HMS. There are two moles of
amine with the ability to chelate a metal per mole of ligand grafted. Therefore, there
is 4.0 mmol/g NH2 content in 12HMS-AB and 1.34 mmol/g NH2 content in SG-AB.
To compare the two materials ability to chelate Cu2* the ratio of NH2 content and
adsorption capacity is calculated. These values are presented in Table 6.3.

Table ( 3 Comparison of Adsorption Capacity for Pb2* and NH 2 Content for
12HMS-AB and SG-AB
Sample

NH 2 Content

Adsorption

NH 2 Content/

(mmol/g)

Capacity (mmol/g)

Adsorption
Capacity

12HMS-AB

4.0

3.309 ±0.183

1 .2

SG-AB

1.34

1.343 ±0.150

1

Both SG-AB and 12HMS-AB showed excellent adsorption capacities of Cu2*
at pH 6.5. The ratio of NH2 content and adsorption capacity showed similar results,
with SG-AB having a ratio of 1 and 12HMS-AB having a ratio of 1.2. However,
because of the increased surface area of 12HMS-AB and therefore the increased

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

molar NH2 content, 12HMS-AB was able to remove approximately 2.5 times more
Cu2+/g than SG-AB. This result does not show an advantage due to the increased
porosity of the 12HMS-AB sample. This could be due to the size of
p-(Aminoethylaminomethyl)phenyltrimethoxysiIane. The phenyl ring is very
hydrophobic and causes the ligand to stretch out when placed in solution. This may
cause blockage of some pores, and make some of the ligands inaccessible to the
metal. The percent extraction for SG-AB was slightly lower than in 12HMS-AB.
However this is due to the higher molar NH2 content of 12HMS-AB. The percent
extraction results for SG-AB are shown in Table 6.4.

Table 6.4 Percent Extraction of Cu2* Using SG-AB
Metal

Approximate

Initial Metal

Percent

Initial pH

Concentration

Extraction

(ppm)
Cu

6.5

1 .2

72.6

Cu

6.5

5.5

46.9

Cu

6.5

10.7

53.8

Cu

6.5

16.2

64.1

Cu

6.5

2 0 .2

50.8
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.

6 4 .2

Solution pH Data

The pH of all solutions was tested before and after metal extraction. Extraction
using SG-AB and 12HMS-AB showed minimal change in pH.
The data is presented in Table 6.5.

Table 6.5 pH D ata for 12HMS-AB Adsorption of Cu2*
Sample

Initial pH

Concentration

Final pH

Change in pH

Average

Amount
Adsorbed
(mmol/g)

(ppm)
2

6.70

6.69

0 .0 1

0.271

5

6.65

6.60

0.05

0.736

7

6.55

6.52

0.03

0.996

10

6.53

6.49

0.04

1.610

12

6.53

6.50

0.03

1.852

15

6.51

6.41

0 .1 0

2.272

20

6.34

6.36

-0 . 0 2

3.185

30

6.14

6.24

-0 . 1 0

3.443

The pH did not consistently increase or decrease throughout the series of
extractions. The solution pH data for extraction of Pb2* using 12HMS-AB and Cu2*
by SG-AB showed similar results. No conclusions can be made about the release of
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protons from the amine centers. Therefore, there are no conclusions drawn about the
fate of the protons based on solution pH changes.
6 .43 Bonding Between Cu2* and the Amine
The NH2 content is calculated as double the ligand grafted onto the surface of SG
and 12HMS as the ligand contains two amine centers. The results of the extraction of
Cu2+ by SG-AB show a one to one reaction where each amine will chelate a Cu2+.
There was also a physical change in 12HMS-AB and SG-AB after Cu2* extraction.
The materials, which are white before extraction, turn a grayish blue after extraction
of Cu2*. This is due to the copper amine complex in the materials.
Sodium hydroxide was added to Cu2* solutions to increase the pH. This
addition increases the Na* concentration. Cu2* extraction improved in these solutions
even with the added competition from Na*. This shows that Na* does not have an
affinity for 12HMS-AB and SG-AB. This is important, as salt concentrations in some
solutions can be very high and may cause considerable reduction of adsorption
capacities in some materials. This does not seem to be a problem in this extraction.
6.4.412HMS-AB Specificity
The extraction of Cu2* using 12HMS-AB and SG-AB was successful. The
extraction of Pb2* was very poor. This was a surprise given that 12HMS-AM
extracted Pb2* successfully, and both ligands have an amine as the metal chelator.
This may be due to the size difference of the ligands and the metals. The grafting of a
large ligand inside the pores can significantly decrease the effective pore diameter of
the material. A BET surface area analysis and pore diameter calculations were
performed on 12HMS-AB. The isotherm is shown in the Appendix. Table 6 . 6
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summarizes the results for 12HMS-EE and 12HMS-AB. The data shows a significant
reduction of surface area and pore diameter in the 12HMS-AB sample.
The size of the metal ions studied must also be considered. Cu2+, Hg2+, and Pb2+
ionic radius is reported as 73 pm, 102 pm, and 119 pm respectively. 1 Based on the
reduction of the pore diameter and the size difference of the ions, it is believed that
the poor Pb2+ extraction may be due to steric interference and the blocking of pores
leaving much of the ligand inaccessible. This allows specificity of metal extraction
based on the metal’s ionic diameter.

Table 6.6 Surface Area and Pore Diameter of 12HMS-EE and 12HMS-AB
Sample

Surface Area (m2/g)

Pore Diameter BJH (nm)

12HMS-EE

872.2

4.1

12HMS-AB

21.1

1.9

6.5 Summary of Results
12HMS-AB was used in the extraction of Cu2+ and Pb2+ from aqueous
solution. It was determined based on adsorption capacity and percent extraction that
12HMS-AB is a better adsorbent of Cu2+. It was shown in Chapter 5 that Pb2+ does
have an affinity for amine groups. The poor extraction of Pb2+ is believed to be
caused by the increased radius of Pb2* and the decreased diameter of 12HMS-AB
pores. By careful consideration of ionic radius of the metal of interest, it may be
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possible to use 12HMS-AB as a sieve. This data shows specificity of extraction
based on ionic radius.
12HMS-AB was also used to determine the optimal pH of Cu2* extraction. It
was determined based on adsorption capacity and percent extraction that a solution
pH of 6.5 produced the highest adsorption capacity.
12HMS-AB was compared to SG-AB as an adsorbent of Cu2+. It was
believed the ordered pore system of 12HMS-AB offered an advantage over SG-AB.
This did not seem to be the case as both materials chelated Cu2* at a one to one ratio.
The increased surface area of 12HMS-AB did offer an advantage. The increased
surface Si-OH (Q3) content produced a material with 2.5 times the amount of chelator
grafted to the surface, and therefore higher adsorption capacity. Increased pore
diameter would not improve NH2 content/adsorption capacity ratio, as it is already
one to one. Comparisons of the slope of the adsorption isotherms of 12HMS-AB and
SG-AB are not valid because of the increased molar NH2 content.

6.6 References
1

Shannon, RJD. Acta Crystallography A, 1976,32,751
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7 Experimental Procedures
7.1 Materials
The following reagent grade chemicals were used: tetraethoxysilane (TEOS)
(99+% Aldrich), dodecylamine (98% Aldrich), decylamine, pentadecylamine,
hexadecylamine, 3-aminopropyltrimethoxysilane (97%, Aldrich), 3mercaptopropyltrimethoxysilane (95%, Aldrich), hexamethylbenzene (HMB)
(Aldrich Chemical Co.), (aminoethylaminomethyl)phenethyl trimethoxysilane (90%,
Petrarch Chemical Co.), ethanol (denatured, Fisher Scientific), nitric acid (ultrapure
ACS grade, EM Scientific), and toluene (ACS grade, Fisher Scientific). Materials
were used without purification. Water used in all applications is the house distilled
water run through Continental Water System filter and is nanopure. Stock metal
solutions were made using metal nitrate salts and water. Metal salts used included
Pb(N0

3) 2

(99+%, Aldrich), Cu(N0

3) 2

(98+%, Fisher Scientific), and Hg(N0

3)2

(98+%, Aldrich).

7.2 Synthesis
7.2.1 HMS Synthesis
All materials were weighed on an analytical balance, and the weight was
recorded to nearest milligram. All the surfactants were flaky white solids with the
exception of decylamine, which is a clear liquid. The surfactant was added to the
ethanol and stirred until it was completely dissolved. The water is then added to the
reaction mixture, and the solution is stirred for several minutes forming a soapy
solution. Finally the TEOS is added. Immediately a white precipitate is formed.
This solution is stirred covered at ambient temperature for twenty hours. The solution
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is then filtered using vacuum filtration and a 41 Whatmann filter paper. The resulting
product is an odorless fine white powder. The powder is dried overnight in a low
temperature (80°C) oven. This product is denoted as xHMS with x being the carbon
chain length of the surfactant (for example, the HMS synthesized with decylamine
will be named 10HMS). The final molar ratio for the synthesis of 12HMS is 1.0
TEOS:0.35 amine:43.3 ethanol:72.4 water.

7.2.2 Surfactant Removal
The surfactant is removed from inside the HMS pores by one of two methods.
The first is calcining the sample in a fumace. The second is by ethanol extraction.
Both methods were employed in this research. Calcining was done by placing the
sample in a fumace and ramping the heat

10

°/minute for four hours to a maximum

temperature of 900°C. Ethanol extraction of the HMS sample was done by stirring 1
gram of HMS in 130 mL of warm ethanol for one hour. This procedure was repeated
twice, the last time allowing the ethanol to boil. The solution is then vacuum filtered
using a Whatmann 441 filter. The product is an extremely fine white powder. The
powder was allowed to dry overnight in a low temperature oven. It is denoted as
HMS-EE.

1 2 3 G rafting the Ligand
The chelating ligand is attached to the HMS-EE by refluxing the reactants in
toluene. All chelating ligands have a trimethoxysilane group where the condensation
reaction will occur as outlined in Chapter 3. Approximately 20mL of toluene is mixed
with the ligand. It is important the ligand is soluble in toluene and the water content
is very low. If the ligand is immiscible, the reaction will not work, and a more
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suitable solvent must be found. If the water content of the toluene is too high
polymerization of the silane units will occur. To this mixture dried HMS-EE is
added. The weight ratio is generally 3:1 ligand to HMS-EE as the ligand coverage
will be greater if the ligand is added in excess. The reaction mixture is refluxed at
approximately 80°C for 36 hours. The reaction mixture is then vacuum filtered using
a Whatmann 41 filter paper. The resulting product is washed with toluene followed
by ethanol. The resulting product is a white powder that is a little coarser than the
HMS-EE product
7.2.4 Metal Extractions
Metal extractions were performed by mixing lOmg of the fimctionalized HMS
with lOOmL of aqueous solution spiked with the metal of interest. Adding the metal
nitrate salts to a volumetric flask then rilling with water made stock solutions of
metals. Stock solutions were made to approximately 1000 ppm of the metal. This
stock solution was then diluted to the concentration of interest to make a sample.
Weighing the stock solution added and the total weight on an analytical balance
prepared a 300mL sample at the concentration of interest. The solution pH was then
tested using a Sargent-Welch pH meter. The pH was recorded and/or adjusted using
dilute solutions of HNO3 or NaOH. The solution was then split into three test
solutions of approximately lOOgrams each. To these test solutions 10 mg of
fimctionalized HMS is added. The solutions are allowed to rotate at a rate of 1
revolution per second on a rotary agitator for the length of the experiment generally
eighteen hours. The solutions are vacuum filtered and the filtrate is retained. The pH
of the solution is recorded. The filtrate is diluted to fit the ICP-MS dynamic range of
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1 to 500 ppb. The dilution is made using a 2% nitric acid solution. Mercury samples
are handled in the same manner up until acidification. Because mercury is detected at
a much lower concentration, the solutions are diluted to the concentration range of

1

to 10 ppb. The samples are then spiked with a gold standard to approximately the
same starting concentration as the mercury and stored in a refrigerator.

73 Characterization
The materials physical characteristics were determined by magic angle
spinning solid state NMR (MAS SSNMR), elemental analysis (EA), x-ray diffraction
(XRD), thermal gravimetric analysis (TGA), and Ni adsorption-desorption. From
this data the surfactant removal, empirical formula, surface area, average pore
diameter, repeat distance, and pore shape is determined. HMS-AM samples were
analyzed by I5N MAS SS-NMR and FT-IR to determine bonding information.

7.3.1 ^Si SS-NMR
A MSi MAS SS-NMR spectrum was obtained for all samples. The instrument
is a Chemagnetics using a 400MHz magnet. Samples were packed in a 7mm
zirconium rotor and spun at 5000 Hz. The reference for all samples was the peak at 9.9ppm ofTTM SS. All data was obtained using a single pulse experiment. Table
7.1 lists the acquisition parameters for a NMR spectrum.
The spectrum was then analyzed using the deconvolution software. This
determined the area of each trace peak. Deconvolution software allows the operator
to trace the peak by varying values of peak width, peak height, frequency, and curve
type (Gaussian, and Lorentzian). When the trace appears to be a match to the
spectrum peak, the area under each trace is determined.
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Table 7.1 MSi MAS SSNMR Acquisition Parameters
Param eter
Pulse Delay

800 seconds

Acquisition Delay

6

Sample Spin Frequency

5kHz

Acquisition Frequency

79.5 MHz

(is

7 3 .2 1SN SS-NMR
1SN SS-NMR was obtained for 16HMS-AM and lead saturated 16HMS-AM.
The instrument is a Chemagnetics using a 400MHz magnet. Table 7.2 lists the
acquisition parameters.
The sample was packed in a 3 mm zirconium rotor and was spun at 5000Hz.
A Hartmann-Hahn match had been performed prior to data acquisition. The spectra
were acquired using a cross polarization technique. The reference for the samples
was ammonium nitrate. The data was deconvolved as described in 7.3.1.
7.33 Elemental Analysis
All samples analyzed by elemental analysis were sent to Atlantic Microlab
Inc. located in Norcross, Georgia. Samples were analyzed in duplicate.
73.4 X>Ray Diffraction
The x-ray diffraction studies were performed in the Louisiana State University
Geology Department on a Siemens D 5000 instrument The diffractometer uses Cu
K a radiation with a wavelength of 1.54056 A. The counting time was 3 seconds and
the scan rate was 0 . 0 2 0 degrees.
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Table 7.2 ^

MAS SSNMR Acquisition Parameters

Param eter
Pulse Delay

5 seconds

Acquisition Delay

10

Sample Spin Frequency

5kHz

Acquisition Frequency Nitrogen Channel

40.5 MHz

Acquisition Frequency Proton Channel

400.05 MHz

Number of Acquisitions

50,000

ps

7.3.5 Thermal Gravimetric Analysis
TGA studies were performed in the Louisiana State University Chemistry
Department on a DSC/220C. The reference used was 16mg of aluminum oxide.
Approximately 2mg of sample was placed on an aluminum pan. Samples were
heated from 25°C to 1000°C at a rate of 10°C per minute. Airflow was set to 100
mL/min. TG% and DTG%/min were plotted versus temperature.

73.6 N2 Adsorption/Desorption
All samples were analyzed in the Louisiana State University Chemistry
Department Samples were analyzed on a Quantochrome Autosorb gas sorption
instrument Samples were out gassed overnight at a temperature of 150° C. A
nineteen point BET N2 adsorption/ desorption isotherms was recorded. Samples were
kept at liquid nitrogen temperature during the analysis. The adsorbate gas used was
nitrogen. Surface area was calculated using adsorption and desorption points from
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0.1 to 0.3 P/Po. Pore volume and diameter was calculated using the adsorption point
at 0.5 P/Po by the BJH and HK methods.

73.7 FT-IR
FT-IR spectra were collected on 12HMS-AM and lead saturated 12HMS-AM.
The spectra were obtained in the Louisiana State University Chemistry Department
using a Perkin-Elmer 1760 FT-IR Spectrometer. The samples were analyzed in a
KBr pellet. The KBr was obtained from Aldrich and was the standard infrared grade.
Approximately 1 mg of sample was added to lOOmg of KBr. The mixture was
ground using a mortar and pestle. The mixture was pressed in a cell holder. A KBr
pellet was used as the background, and a background spectrum was obtained before
each sample acquisition. Default instrument settings were used for all acquisitions.
The default settings are medium apodization, four scans, and a gain of one. The
detector used is a deuterated Tri-Glycine Sulfate (TGS) detector.

7.4 Metal Concentration Determinations by ICP-MS
ICP-MS analysis was performed on a Perkin-Elmer ICP-MS Elan 6000 in the
Louisiana State University Chemistry Department. To perform analysis the
instrument must pass a daily performance check. This check sets thresholds for
background, doubly charged ions, oxides, and intensities of metals rhodium,
magnesium, and lead. If the analysis meets the required values, the instrument tuning
is deemed adequate. If requirements are not met, addition tuning must be performed.
Samples were introduced to the plasma via an auto sampler. Internal
standards were mixed with the sample via the auto sampler. For each group of
samples, a calibration curve is performed. Calibration standards contain the metals to
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be analyzed at concentrations of 1 0 , 2 0 ,

100

, and 500 ppb for all metals except

mercury. The calibration standards for mercury are concentrations of 2,5, and 10
ppb. Calibrations standards are obtained by diluting a stock multi-element solution
obtained from Perkin-Elmer. In addition a calibration blank is used. The calibration
blank is a 2% nitric acid solution. For a calibration curve to be acceptable, the
calculated r2 values must be at least 0.9999.
To determine if instrument drift is a problem, internal standard intensities are
followed throughout sample analysis. A drop of internal standard intensities by 30%
or a rise of 10% is unacceptable. If internal standard intensities exceed these
threshold values, analysis is stopped. After rinsing, a new calibration curve is
performed and analysis is continued. The choice of internal standards was determined
by matching the weight of internal standards to analyte weight. Internal standards
also must be elements that are not contained in the samples and have a low
background in the lab environment. The internal standards used for this work
includes lutetium for mercury and lead analysis, and scandium for copper analysis.
During sample analysis a QC check is performed every ten samples. This QC
sample must contain each metal analyzed at a concentration of 50 ppb, and is
prepared from a separate stock solution than is used for the calibration standards. The
QC check must be within ± 5% of actual value for each metal. If this standard is not
met, analysis is terminated. A new calibration curve is obtained and analysis is
continued, starting with the fifth sample before the unacceptable QC check. Three
readings are obtained for each sample analyzed. The relative standard deviation
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(RSD) of the readings must be < S.O for the analysis to be acceptable. If the RSD
does not meet the criteria the sample is re-analyzed.
In this work copper, mercury, and lead concentrations were determined. None of
these metals have significant problems with background interferences. Method
blanks were analyzed with each sample set to insure cleaning solutions and glassware
were not adding any of these metals to sample solutions. The only change in
procedure described was in the analysis of mercury solutions. In this analysis the
rinse solution contained a 2 0 0 ppb spike of gold solution to help clean the instrument.
The instrument was also rinsed between each sample for one minute (an increase of
30 seconds from normal analysis). This is to prevent memory effects. All calibration
standards, QC checks, and samples were also spiked with a gold solution.
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8 Conclusions
8.1 Surface Functionalization
The surface of the materials was fimctionalized using the organic ligands
described in Figure 3.4. From the ^S i SS-NMR data the amount of ligand added to
the surface was calculated. The ratio of Q 3 silica decreased after functionalizing the
surface, leading to the conclusion that the ligand was grafted to the surface at the Q3
sites. Using 5*1018 molecules/m2 as the coverage in a fully dense monolayer1 and the
surface area of the material, the percent coverage of the fimctionalized products can
be estimated. The number of Q3 sites per ligand was determined using the general
reaction formula, Equation 3.1, and solving for z. This number represents an estimate
of the number of hydroxyl groups used in the grafting of the ligand to the surface.
The percent coverage is summarized in Table 8.1.
The numbers for the 12HMS materials are consistent with literature values of
a similar material with similar surface area (QOOmVg) . 1 In the literature study, 75
percent surface coverage was the maximum obtained using 3mercaptopropyltrimethoxysilane as compared to 65 percent coverage in 12HMS-MP.
In the MP functionalized materials, there is increased percent coverage with
increasing surface area. This trend was not followed in the AM functionalized
samples. This may be due to the fact that the estimates do not take into account the
polymerization of the AM ligand discussed in Chapter 3. This results in an
overestimate of percent coverage for these materials. The low percent coverage for
the AB ligand may be due to steric constraints inside the tunnels of the materials.
The larger ligands may lead to blockage of some pores making much of the silanol

108

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

groups inaccessible. In addition, many reaction conditions will influence the percent
coverage of the ligand. There must be some water adsorbed to the surface to initiate
the hydrolysis reaction, which is the first step in the grafting of the ligand. 1 The
amount of adsorbed water is a difficult parameter to control and could influence the
amount of surface coverage of the ligand.

Table 8.1 Estimated Percent Coverage in Functionalized Samples
Surface Area

Q 3 Sites

Q* Sites per

Percent

(m2/g)

(mmol/g)

Ligand

Coverage

SG-MP

350

2.9

1

27

12HMS-MP

870

7.2

2.5

73

15HMS-MP

670

5.6

1.3

44

16HMS-MP

420

3.5

1

32

SG-AM

350

2.9

1

44

12HMS-AM

870

7.2

1.5

65

15HMS-AM

670

5.6

1.3

70

16HMS-AM

420

3.5

1

89

SG-AB

350

2.9

1

23

12HMS-AB

870

7.2

1

28

10HMS-AB

700

5.8

1

34

Sample
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8 .2

Solution pH
The pH will influence the speciation of both the metal and the ligand.

Solution pH was adjusted to determine optimal metal extraction. Theoretically, as the
pH rises above the pK#, a larger percentage of the ligand is unprotonated. This may
affect the adsorption capacity o f the materials. Another factor to consider is the
speciation of the metal. Increasing the pH using NaOH can cause precipitation of the
metal from solution as its hydroxide salt (Mn+(OH)n). To prevent precipitation, the
reaction quotient (Q) must be less than the solubility product (Ksp) as calculated using
Equations 1.5 and 1.6. Values of Ksp are taken from physical constant data. 2
8.2.1 Solution pH and the Extraction of Cu2+
The optimal solution pH for Cu2* extraction was determined using 12HMSAB as an adsorbent. Adsorption capacities were determined at a solution pH of 5.0
and 6.5. The adsorption capacities are listed in Table 8.2.
12HMS-AB extraction of Cu at pH 6.5 was significantly better than extraction
at pH 5.0, with an adsorption capacity almost 8 times greater. This was determined to
be the optimal pH, and all subsequent extractions of Cu2+ were performed at this pH
except the extraction of Cu2+ using 12HMS-AM. The extraction of Cu2+ using
12HMS-AM was performed at a pH of 4.0 for direct comparisons with Pb2+
extraction. Higher pH values could not be tested due to precipitation of a copper salt
The pH was adjusted using nitric acid and sodium hydroxide.
The most concentrated Cu2* solution tested for extraction was 32.3 ppm at an
initial pH of 6.14. At this pH and Cu2* concentration, Q was calculated to be
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9.59* 10'20. The K*p for CufOHfe isl.6*l0‘19. The reaction quotient (Q) is less than
the Ksp, and the solution is not saturated. Therefore a precipitate will not form.

Table 8.2 Adsorption Capacities for 12HMS-AB Extraction of Cu2* a t Solution
pH of 5.0, and 6.5
Sample

pH

Adsorption Capacity
(mmoi/g)

12HMS-AB

5.0

0.417 ±0.012

12HMS-AB

6.5

3.309 ±0.183

At the solution pH tested, the copper in solution should be of the form
Cu(H2 0 >6 2+ .6 The AB ligand has two protonation constants. It is believed, due to
comparisons of the adsorption capacity and the amount of ligand grafted, that both
amines are used in the chelation of a metal. Therefore both protonation constants
must be considered. From estimates using similar ligands in solution! 1,2-ethane
diamine), the first protonation constant is approximately 6.5 and the second is
approximately 9. These are rough estimates, but it does explain the large discrepancy
between the adsorption capacities at solution pH 6.5 and 4.0. At an initial solution
pH of 6.5, about half of the primary amines are unprotonated. At an initial solution
pH of 5.0 a much smaller percentage of either amine is unprotonated. The solutions
at pH 6.5 are thus expected to be better chelators because the proton is a better
leaving group or it is unprotonated at the time of chelation. Also, at this pH the
proton concentration is much lower, and it is not in as much competition for the
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amine with the metal as at the lower pH. At the lower pH there are more protons in
competition for amine sites and the proton is not as good a leaving group.

8.2.2 Solution pH and the Extraction of Pb2*
The optimal solution pH for Pb2+ extraction was determined using 12HMSAM as an adsorbent Adsorption capacities were determined at solution pH 4.0, 5.0,
and 6.0. The adsorption capacities are listed in Table 8.3.
The highest adsorption capacity was obtained at a pH of 4.0. This was
determined to be the optimal pH, and all subsequent extractions of Pb2+ were
performed at this pH. Higher pH values could not be tested due to precipitation of a
lead salt The pH was adjusted using nitric acid and sodium hydroxide.
The most concentrated Pb2+ solution tested for extraction was 40.68 ppm at an
initial pH of 4.21. At this pH and Pb2+ concentration and using a Ksp for Pb(OH>2 of
2.8* 10'16, the value of Q was calculated to be 5.16*10*24. The reaction quotient is
less than the

and the solution is not saturated and a precipitate will not form.

At the solution pH of 4.0, most of the Pb will be present as Pb2+ surrounded
by water molecules (although the number of water molecules is not known). As the
pH rises the concentration of hydroxide increases, and the aqueous Pb hydroxide
complexes, shown in Figure 1.2, become more prevalent. The ligand protonation
constant is believed to be approximately 10.5 using propylamine as an estimate. At
the solution pH’s tested, a very small percentage is initially unprotonated, and the
percentage decreases as the pH is decreased. The amount of protonated ligand
therefore, is not a determining factor in the amount of metal extracted. The speciation
o f the metal may be a more important factor in the removal of the metal. It also must
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be noted that the pH of solution after extraction increased substantially in the low
metal concentration samples.

Table 83 Adsorption Capacities for 12HMS-AM Extraction of Pb2* at Solution
pH of 4.0,5.0, and 6.0
Sample

pH

Adsorption Capacity
(mmol/g)

12HMS-AM

4.0

1.276 ±0.200

12HMS-AM

5.0

0.612 ±0.011

12HMS-AM

6.0

0.847 ±0.031

8.23 Solution pH and the Extraction of Hg2*
Hg2* pH was not optimized. This was due to the insolubility of Hg(N0 3 ) 2 in
water. The stock solution was acidified to insure complete dissolution of the mercury
salt. Sample pH's depended on the amount of stock solution added and therefore the
Hg2+ concentration. Solution pH’s tested ranged from 4.13 to 2.20.
The protonation constant of the MP ligand is believed to be approximately 9.7
using mercaptoethanol as an estimate. At this pH only a very small percentage of the
ligands are unprotonated, and the pH decreases upon extraction.

8.3 Metal Extractions
83.1 Pb2* Extraction
Pb2* was extracted from solution using 12HMS-MP, 12HMS-AM, 12HMSAB, and SG-AM. All extraction experiments used a solution pH of 4.0. The
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adsorption capacities were determined in the extraction experiments. To compare the
effectiveness of Pb2+ extraction in different materials, a ratio of the molar amount of
functional group available and adsorption capacity is calculated. The molar amount
of functional group refers to the NH 2 content in 12HMS-AB, 12HMS-AM, and SGAM, and the SH content in 12HMS-MP. This is calculated as the number of
functional groups per ligand times the amount of ligand grafted to the surface of the
material. The lower the ratio the more effective the material was at extracting Pb2+
from aqueous solution. Table 8.4 lists the calculated adsorption capacity, and the
ratio of the molar amount of functional group available and adsorption capacity.
I2HMS-AM, with a functional group/ adsorption capacity ratio of 2.4, was the
most effective adsorbent of Pb2+ in aqueous solution. It was almost twice as effective
as SG-AM, the second most effective material in Pb2+ extraction. The l5N SS-NMR
studies showed differences in the amine after extraction, proving the amine chelates
the Pb2+. However, neither these studies, nor the adsorption capacity and pH
changes, showed conclusive evidence as to the bonding of Pb2+ and the amine.
At the pH tested, the AM and MP ligands are largely protonated. The
adsorption capacity of the MP ligand with Pb2+ was expected to be the lowest of the
metals tested due to its low formation constant (6 . 6 with mercaptoethanol) . 3 Amines
are believed to be a better chelator of Pb based on Pearson’s HSAB principle, but no
formation constants of similar ligands were found in the literature. The AM ligand
proved to be the best chelator in this study of Pb based on the adsorption capacity and
metal ligand ratio. The data suggest either a 1:1 metal/ligand bond with 40 percent of
the ligands involved in chelation, or a

1 :2

metal/ligand bond with 80 percent of the
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ligands involved in chelation. In either case, there are a larger number of ligands
involved in the chelation of Pb2+ than are initially unprotonated. This implies a loss
of a proton after chelation of the metal. It is known that the chelation of a metal
significantly decreases the protonation constant of a ligand making the proton a easier
to remove.4 Another possibility is that the protonation constant of propylamine in
solution is not a good approximation to the protonation constant of the ligand used,
and the actual protonation constant of the grafted ligand is much lower.

Table 8.4 Extraction of Pb2* From Aqueous Solution a t pH ~ 4.0
Sample

Adsorption

Functional Group

Functional

Capacity

(mmol/g)

Group/Adsorption

(mmol/g)

Capacity

12HMS-MP

0.327 ±0.101

2 .1

6.4

12HMS-AM

1.276 ±0.200

3.1

2.4

12HMS-AB

0.197 ±0.009

4.0

20.3

1.3

4.4

Maximum
SG-AM

0.295 ±0.045

Only two solutions were tested using 12HMS-AB as an adsorbent of Pb2+.
This was due to its poor extracting ability, with a functional group/ adsorption
capacity ratio of 20.3. 12HMS-AM was almost 8 .S times as effective at extracting
Pb2+ as 12HMS-AB. This was a surprise since both ligands have amines as the
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functional group that chelates the Pb2* Also, the percentage of unprotonated ligand
is higher in the AB ligand based on assumed pKa values. The difference in the two
ligands is the size of the AB ligand. This ligand contains a benzene ring. It is
possible that the combination of the size of the ligand and Pb2* leads to blocking of
pores, making much of the ligand inaccessible. It is possible that materials with
larger pore diameter would be more effective extracting Pb2* using AB as a chelator.
A model of the HMS-AB pore is shown in Figure 8.1. The average pore
diameter was determined to be 4.1 nm by the BJH model of the N 2 adsorption
isotherm. The ligand length was calculated using individual reported bond lengths.
The addition of a Pb2* ion adds 0.26 nm by the Pb-N bond length. This would give a
total ligand length of 2.1 nm. If there were two ligands in the tunnel in close
proximity, the addition of a single Pb would effectively block the tunnel.

83.2 Cu2* Extraction
Cu2* was extracted from solution using 12HMS-MP, 12HMS-AM, 12HMS-AB,
and SG-AB. The extraction of Cu2* using 12HMS-AM was performed at a solution
pH of 4.0 for better comparison with the extraction of Pb2* with the same material.
The adsorption capacities were determined in the extraction experiments. To
compare the effectiveness of Cu2* extraction in different materials, a ratio of the
molar amount of functional group available and adsorption capacity is calculated.
Table 8.5 lists calculated adsorption capacity and the ratio of the molar amount of
functional group available and adsorption capacity.
12HMS-MP, I2HMS-AB, and SG-AB all showed excellent extraction of Cu2*
from aqueous solution. All show a one to one ratio of Cu2* to amine. 12HMS-AB
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has an added advantage o f having two amines per ligand and therefore a higher
adsorption capacity. Because of the higher adsorption capacity of 12HMS-AB,
almost twice as high as the adsorption capacity of 12HMS-MP, it is considered the
best material tested in this dissertation work for the extraction of Cu2* from aqueous
solution.

Diameter of pore = 4. lnm
0M«

OM*

-O-Si-C-C

*W

OM*

h^

T
0M«

Length of ligand = 1.8nm

Figure 8.1 HMS-AB Pore
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The worst adsorption capacity was obtained from 12HMS-AM. This is
probably due to the lower pH o f the solution. At this pH less of the ligand is
protonated. Also formation constants of ethylamine are lower than 1,2-ethane
diamine with Cu2+ (3.2 and 10.02, respectively).3 The formation constant of
mercaptoethanol with Cu2+ is 8.1.3 This is higher than Pb2* (pKf of 6.6)3 but much
lower than Hg2+ (pKf of 25)3, although the adsorption capacity of MP for Cu2* and
Hg2+ were essentially the same in this work (1.8 and 1.8 mmol/g, respectively). This
is believed to be due to the increased percentage of unprotonated ligand at the pH of
the Cu2+ extraction.

Table 8.5 Extraction of Cu2* From Aqueous Solution
Sample

Initial

Adsorption

Functional

Functional

Solution

Capacity

Group

Group/Adsorption

pH

(mmol/g)

(mmol/g)

Capacity

12HMS-MP

6.5

1.807 ±0.172

2.1

1.1

12HMS-AM

4.0

0.826 ±0.007

3.1

3.8

12HMS-AB

6.5

3.309 ±0.183

4.0

1.2

SG-AB

6.5

1.343 ±0.150

1.3

1.0

The extraction of Cu2* by AB showed a metal/ligand bonding ratio of 1:1.
This implies that all the ligands are used in the chelation of Cu2*. At the pKa’s
approximated for the AB ligand only about half of the primary amines are
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unprotonated initially in the extraction of Cu2*. The pH of the solution after
extraction remained approximately the same. This implies that the protonation
constants of AB are lower than the estimates used, or the proton is lost in some cases
after the chelation of a Cu2*.

8.3.3 Hg2* Extraction
Solution pH was not optimized for Hg2* extraction. This was due to the low
solubility of Hg(N 0 3 > 2 in solution at neutral pH. Therefore nitric acid was added to
the stock solution until the mercury salt was completely dissolved. This produced a
solution of approximately pH 3.0.
Hg2* was extracted from solution using 12HMS-MP, 12HMS-AM, and SGMP. The adsorption capacities were determined in the extraction experiments for
12HMS-MP and SG-MP. A full adsorption isotherm was not obtained for 12HMSAM extraction of Hg2*. To compare the effectiveness of Hg2* extraction in different
materials, a ratio of the molar amount of functional group available and adsorption
capacity is calculated. Table 8.6 lists calculated adsorption capacity and the ratio of
the molar amount of functional group available and adsorption capacity.
12HMS-MP showed excellent adsorption capacity of Hg2* and a functional
group/ adsorption capacity ratio of close to one. This implies a one to one metal to
mercaptan ratio. At the pKa’s approximated for the MP ligand, only a very small
percentage of the ligand are unprotonated initially in the extraction of Hg2*. The pH
of the solution after extraction decreased. This implies that the protonation constants
of MP are lower than the estimates used, or the proton is lost in some cases after the
chelation of an Hg2*. This does not decrease the effectiveness of extraction however,
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probably due to the high formation constant of the mercaptan ligand for Hg2* (pKf of
25). Due to the poor adsorption capacity and functional group/ adsorption capacity
ratio only two adsorption points of 12HMS-AM extraction o f Hg2+ were obtained.
This was not unexpected as amines are thought to be a poor chelator of Hg based on
Pearson’s HSAB principle. Extraction data using 12HMS-AB was not obtained due
to the poor adsorption by 12HMS-AM and the suspected pore size problem with
12HMS-AB extraction of Pb2*.

Table 8.6 Extraction of Hg2* From Aqueous Solution at pH - 3.0
Sample

Adsorption

Functional Group

Functional

Capacity

(mmol/g)

Group/Adsorption

(mmol/g)

Capacity

12HMS-MP

1.777 ±0.053

2.1

1.2

12HMS-AM

Maximum

3.1

4.1

0.78

5.9

0.755 ±0.063
SG-MP

0.132 ±0.029

8.4 Comparison of 12HMS and SG as a Heavy Metal Adsorbent
There were thought to be two advantages of 12HMS over SG as a metal
adsorbent. The first was an increased surface area and therefore an increased molar
amount of grafted ligand. In all three examples the amount of ligand grafted to the
surface of 12HMS was significantly higher than the amount grafted to SG. Secondly,
it was reported that the increased porosity of the 12HMS material facilitated the
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adsorption o f metals.s This effect is thought to be due to a greater accessibility of the
ligand. To assess the advantage of greater surface coverage by the ligand, a direct
comparison of adsorption capacity can be made. To assess the advantage of porosity
a comparison of the molar ratio of functional groups to adsorbed metal is made. The
results are summarized in Table 8.7.
Comparison of adsorption capacities shows higher values for 12HMS for all
three ligands. 12HMS-MP has an adsorption capacity of 1.777 ± 0.053 mmol/g for
Hg2*, almost 13.5 times greater than the adsorption capacity of SG-MP for Hg2* of
0.132 ± 0.029 mmol/g. 12HMS-AM has an adsorption capacity of 1.276 ± 0.200
mmol/g for Pb2+, over four times greater than the adsorption capacity of SG-AM for
Pb2* of 0.295 ± 0.045 mmol/g. 12HMS-AB has an adsorption capacity of 3.309 ±
0.183 mmol/g for Cu2*, almost 2.5 times greater than the adsorption capacity of SGMP for Cu2* o f 1.343 ± 0.150 mmoi/g. The larger ligand surface coverage is a clear
advantage of 12HMS resulting in higher adsorption capacity in each case.
The comparison of the molar ratio of functional groups to adsorbed metal
showed inconsistent results. Lower ratios indicate a larger percentage of ligands that
are chelating a metal. Comparing the results for the MP and AB ligand show an
advantage for 12HMS. In the MP ligand 12HMS and SG showed molar ratios of 1.2
and 5.9 respectively, and in the AM ligand 12HMS and SG showed molar ratios of
2.4 and 4.4 respectively. This would indicate that the ordered pore system of 12HMS
aided the adsorption of the tested metal. In the AB ligand a molar ratio of 1.2 and 1.0
was calculated for 12HMS and SG respectively. This indicates about the same
percentage of ligand was used in the extraction of Cu2* in both materials, and there

121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

was no advantage of increased porosity in this case. This data shows that the size of
the grafted ligand must be taken into account.

Table 8.7 Com parison of Adsorption Data for Functionalized
12HMS and SG M aterials
Sample

Metal

Initial

Adsorption

Functional

Functional

pH

Capacity

Group

Group/Adsorption

(mmol/g)

(mmol/g)

Capacity

12HMS-MP

Hg

3.0

1.777 ±0.053

2.1

1.2

SG-MP

Hg

3.0

0.132 ±0.029

0.78

5.9

12HMS-AM

Pb

4.0

1.276 ±0.200

3.1

2.4

SG-AM

Pb

4.0

0.295 ±0.045

1.3

4.4

12HMS-AB

Cu

6.5

3.309 ±0.183

4.0

1.2

SG-AB

Cu

6.5

1.343 ±0.150

1.3

1.0

Pore diameters were determined in HMS-EE samples before grafting of the
ligand occurs. The grafting of a bulky ligand into pore tunnels decreases the effective
pore diameter and may serve to block access to some ligands. The greatest porosity
advantage was seen in the MP ligand, hi this case the ligand is very small and would
decrease the effective pore diameter very little. The porosity advantage decreased in
the case of the AM ligand. It was believed that in the grafting of the AM ligand, the
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ligand polymerized. This would decrease the effective pore diameter, and
theoretically decrease the accessibility of the ligand.
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9 Summary Of Research
9.1 Research Goals
The purpose of this research was to study the extraction ability of the
materials 12HMS and SG for metals Cu2+, Hg2+, and Pb2+. To facilitate the extraction
of these metals, three ligands with high metal affinity were grafted to the surface of
these materials via a condensation reaction. This reaction is depicted in Figure 33.
These materials were successfully functionalized by the ligands of interest and
characterized to determine their physical properties and the amount of ligand grafted
to the surface.
Metal extractions were carried out by mixing the adsorbent material and metal
solutions of varying concentrations. Metal concentrations were determined by ICPMS analysis, and adsorption capacities were calculated using the linear Langmuir
model to calculate adsorption capacity. The adsorption capacity was used to compare
the material’s ability to extract different metals, and to determine optimal pH of metal
solutions. It is believed that pH of the metal solution significantly affects the metal
extracting ability of metal adsorbents. Therefore, optimal pH solutions were used for
most subsequent extraction experiments. The materials used in this research were
shown to be excellent metal adsorbents. For comparison purposes, different materials
that have been used to extract these metals are shown in Table 9.1. HMS was shown
to have superier adsorption capacities when compared to other materials except for
the previously discussed MCM materials.
It was also a goal of this research to determine if the increased porosity of
12HMS offered an advantage in metal extraction. To ascertain if this theory was
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valid, silica gel (SG) was used in metal extraction experiments. Since SG is made of
the same material (Q3, and Q4 silica environments) with little porosity, it was an ideal
candidate to determine if porosity is an important physical property of a metal
adsorbent Porosity was determined to be an advantage in the 12HMS-MP and
12HMS-AM materials. Porosity was not an advantage using the 12HMS-AB
material. This is believed to be due to the differences in the size of the ligand. As the
ligand length increases, pores become less accessible and the adsorbent capacity of
the material decreases.
A secondary goal of this research was to study the bonding between the metal
and the chelating ligand. This was accomplished by studying the adsorption data, ISN
SS-NMR spectra, FT-IR spectra, and pH changes during extraction. Some bonding
conclusions were reached, but much work needs to be done in this area.

9 2 Cost Analysis
Synthesis of HMS is very inexpensive and the reactants needed are available
from a number of vendors. 12HMS-EE was produced for about $0.50 per gram. The
cost of the chelating ligands vary. 12HMS-MP was produced for about $2.00 per
gram and 12HMS-AM was produced for about $1.50 per gram. The AB ligand was
more expensive making the cost to produce 12HMS-AB about $16.00 per gram.
Regeneration of the materials has been reported.4 This was done by acidifying the
chelated sample. If production cost becomes prohibitive, reuse of the product is
possible.
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9.3 Extraction of Metals From Literature
There are many studies using a fimctionalized resin or other material to adsorb
metals from solution. Some examples were given in Chapters 4 ,3 , and 6 when
studies were found using the same materials used in this dissertation work for
comparison purposes. Other studies were found using different materials and ligands
to adsorb Cu2+, Pb2*, and Hg2*. Summaries of these results are listed in Table 9.1.

Table 9.1 Summary o f L iterature Results for the Extraction of Cu2*, Pb2*, and
Hg2*
M aterial

Ligand

Metal

pH

Adsorption
Capacity
(mmol/g)

Microbeads1

Ethylenediamine

Cu2*

6.0

0.201

Pb2*

5.0

0.186

Hg2*

5.0

0.150

(EDA)

12HMS2

MP

Hg2*

NA

1.5

MCM-41"

MP

Hg2*

3.0

2.5

Copolymer4

Acrylamido

Pb2*

5.0

0.594

glycolic acid

Table 9.1 is not intended as a complete list, as there are hundreds of articles
studying metal adsorption from solution. It was evident from the literature search
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performed that adsorption by HMS materials was one of the most successful
adsorbents of heavy metals based on adsorption capacity. The properties of high
surface area and low cost of synthesis make HMS an excellent metal adsorbent. The
amount of waste produced is very small when compared to the sludges produced by
precipitation and coagulations procedures. In addition, the availability of a large
number of ligands with high chelating ability makes metal adsorption using
functionalized HMS feasible for many metals.

9.4 Future Research Using HMS
Different functionalized HMS materials proved to be excellent adsorbents of
metals Cu2+, Hg2+, and Pb2+. The next step in this research should focus on the time
of extraction to determine if this method is applicable to flow systems. Another
parameter to be considered is the determination of the specificity of ligands using
mixed metal waste solutions. One ligand that seems promising for this type of study
is the AB ligand. While 12HMS-AB showed excellent adsorption capacity for Cu2+,
its adsorption of Pb2+ was poor. Specificity may also be able to be manipulated
through careful control of solution pH and careful consideration of formation
constants. There are also many different ligands that can be grafted to silica surfaces
and tested for metal extraction capabilities.
This research focused on Cu2+, Hg2+, and Pb2+ because of concerns of their
toxicity to humans. However there are many applications for removal of other metals
from natural and industrial settings. It is thought that HMS would be excellent in
many metal removal applications with the choice of a suitable ligand. It also may be
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possible to use HMS for the removal of organic contaminants if larger pored
materials are synthesized.
Another related research goal is the better understanding of the bonding between
the metal and the ligand. EXAFS has been used to determine the chemical speciation
of the metal for similar materials, and may be useful in these materials.
9.5 References
1Merrier, L. Advanced Materials 1997,9(6), 500
2 Denizli, A, Journal of Applied Polymer Science 2000,78(1), 81-89
3 Merrier, Pinnavaia; Environmental Science and Technology 1998,32,2749
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Appendix A
N2Adsorption Desorption Isotherms
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Figure A.1 Surface Area Analysis of 10HMS-EE

129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Volume [cc/g]

+ Adsorption
0 Desorption

10*

Relative Pressu»(p/Po)
Figure A i Surface Area Analysis of 12HMS-EE

130

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Volume [cc/g]

AQSOipBOn

m
350:

30a
250-

too*

Figure A3 Surface Area Analysis of 15HMS-EE

131

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Volume [cc/g]

300-

Rettwe Pressure (P/Po)

Figure A.4 Surface Area Analysis of 16HMS-EE

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Adsorptio* - 0 -

Desorptimi —0 -

231.21

212.59

185.97

165.35

141.73
[fi/o o ] ,ta n T 0 A

94*48

70.86

23.62

0.0000 0.1045 0.2089 0.3134 0.4178 0.5223 0.6267 0.7312 0.8356 0.9401 1.0445

Relative Pressure, P/Po

Figure A.5 Surface Area Analysis of SG

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Adsorption —0 — Desorption - 0 154.11

123.28

107.87

[C O /jl

92.46

VO
lU
lM

77.05

61.64

46.23

30.82

0.00
0.0000 0.1045 0.2089 0.3134 0.4178 0.5223 0.6268 0.7312 0.8357 0.9401 1.0446

Relative Pressure, P/Po

Figure A.6 Surface Area Analysis o f 12HMS-AB

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Appendix B
Thermal Gravimetric Analysis
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Figure B.1 TGA of 12HMS
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Appendix C
X-Ray Diffraction Patterns
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Figure C.2 XRD Pattern for 10HMS-EE
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Figure C.4 XRD Pattern for 16HMS-EE
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Appendix D
Solid State NMR
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Appendix E
Metal Adsorption and Percent Extraction
Table E.112HMS-MP Adsorption Of Cu2*, Pb2* and Hg2* in mmol/g and
Percent Extraction
Metal

Approximate
Initial pH

Initial Metal
Concentration
(ppm)

Percent
Extraction

Amount
Adsorbed
(mmol/g)

Cu

6.5

1.0 ± 0.2

76.3

0.113 ±0.005

Cu

6.5

5.2 ±0.1

92.6

0.762 ±0.016

Cu

6.5

10.1 ± 0.2

82.1

1.265 ±0.026

Cu

6.5

12.1 ±0.1

89.2

1.715 ±0.253

Cu

6.5

29.3 ±0.1

40.2

1.845 ±0.379

Hg

3.0

1.1 ±0.1

65.6

0.036 ±0.001

Hg

3.0

3.6 ±0.1

76.9

0.137 ±0.014

Hg

3.0

8.4 ±0.1

92.3

0.373 ±0.022

Hg

3.0

13.5 ±0.1

95.1

0.641±0.013

Hg

3.0

17.5 ±0.1

95.3

0.828 ±0.010

Hg

3.0

28.9 ± 0.0

97.2

1.398 ±0.034

Hg

3.0

45.8 ±0.1

76.8

1.738 ±0.042

Hg

3.0

67.8 ± 0.0

54.3

1.808 ±0.089

Pb

4.0

1.1 ± 0.0

64.6

0.018 ±0.002

Pb

4.0

11.5 ±0.1

34.2

0.167 ±0.001

Pb

4.0

30.9 ± 0.0

33.7

0.333 ±0.059

Pb

4.0

38.8 ± 0.0

27.6

0.315 ±0.009
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Table E.2 SG-MP Adsorption of Hg2* in mmol/g and Percent Extraction
M etal

A pproxim ate
Initial pH

Hg

Percent
Extraction

3.0

Initial M etal
C oncentration
(ppm)
1.0 ± 0.0

46.4

Amount
Adsorbed
(mmol/g)
0.021 ±0.002

Hg

3.0

11.2 ± 0 .2

14.6

0.109 ±0.012

Hg

3.0

16.9 ± 0.0

14.2

0.120 ±0.021

Hg

3.0

21.7 ±0.1

7.2

0.085 ±0.012

Hg

3.0

35.1 ± 0.0

9.4

0.143 ±0.004
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Table E312HMS-AM Adsorption Of Cu2*, Pb2* and Hg2* in mmol/g and
P ercent E xtraction
M etal

Approxim ate
Initial pH

Percent
Extraction

4

In itial M etal
C oncentration
(ppm)
1.0 ±0.0

88.47

Am ount
Adsorbed
(mmol/g)
0.044 ±0.002

Pb
Pb

4

5.6 ±0.0

87.22

0.235 ±0.034

Pb

4

10.8 ±0.1

94.21

0.490 ±0.008

Pb

4

16.1 ±0.2

96.64

0.747 ±0.004

Pb

4

21.4 ± 0.0

98.80

1.020 ±0.021

Pb

4

31.1 ±0.0

77.59

1.165 ±0.004

Pb

4

40.7 ±0.1

64.60

1.265 ±0.051

Pb

5

1.8 ±0.1

48.4

0.044 ±0.012

Pb

5

4.4 ±0.1

62.0

0.127 ±0.001

Pb

5

8.8 ±0.1

72.9

0.304 ±0.001

Pb

5

17.4 ±0.1

69.6

0.582 ±0.003

Pb

5

32.0 ±0.0

43.7

0.624 ±0.065

Pb

6

1.8 ±0.1

80.4

0.070 ±0.002

Pb

6

8.8 ±0.1

73.7

0.289 ±0.000

Pb

6

17.4 ± 0.2

78.0

0.647 ±0.000

Pb

6

31.8 ±0.1

59.9

0.854 ±0.001

Cu

4

5.2 ±0.1

96.40

0.786 ±0.033

Cu

4

10.3 ±0.1

50.60

0.819 ±0.025

Cu

4

21.1 ± 0.2

29.46

0.975 ±0.034

Cu

4

30.5 ± 0.2

14.73

0.783 ±0.068

Hg

3

14.8 ±0.1

65.90

0.539 ±0.092

Hg

3

42.9 ±0.1

34.18

0.755 ±0.063
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Table E.4 SG-AM Adsorption o f Pb2* in mmol/g and Percent Extraction
M etal

A pproxim ate
Initial pH

Pb

Percent
E xtraction

A m ount A dsorbed
(mmol/g)

4

In itial M etal
C oncentration
(ppm)
1.0 ±0.1

95.7

0.047 ±0.005

Pb

4

2.8 ± 0.0

92.3

0.135 ±0.005

Pb

4

5.1 ± 0.2

76.7

0.251 ±0.035

Pb

4

6.4 ± 0.2

66.2

0.302 ±0.037

Table E i 12HMS-AB A dsorption of Cu2* and Pb2* in mmol/g and Percent
E xtraction
M etal

A pproxim ate
In itial pH

Cu

Percent
Extraction

6.5

In itial M etal
C oncentration
(ppm)
2.4 ± 0.7

70.8

Am ount
A dsorbed
(mmol/g)
0.271 ±0.008

Cu

6.5

5.7 ±0.1

81.7

0.736 ±0.037

Cu

6.5

7.5 ±0.1

84.2

0.996 ±0.037

Cu

6.5

11.3 ±0.0

90.6

1.610 ±0.016

Cu

6.5

12.9 ±0.1

91.1

1.852 ±0.055

Cu

6.5

16.2 ±0.0

89.1

2.272 ±0.038

Cu

6.5

21.8 ± 0.0

93.2

3.185 ±0.038

Cu

6.5

32.3 ±0.1

68.0

3.443 ±0.096

Cu

5.0

1.8 ±0.1

43.8

0.123 ±0.052

Cu

5.0

4.6 ± 0.0

25.6

0.183 ±0.080

Cu

5.0

26.4 ± 0.0

10.0

0.414 ±0.087

Cu

5.0

37.0 ±0.1

7.9

0.444 ±0.043

Pb

4.0

25.4 ± 0.0

11.4

0.173 ±0.016

Pb

4.0

35.7 ± 0.2

14.5

0.197 ±0.009
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Table E.6 SG-AB Adsorption of Cu2* in mmol/g and Percent Extraction
Percent
E xtraction

6.5

Initial M etal
C oncentration
(ppm)
1.2 ± 0.0

72.6

Amount
Adsorbed
(mmol/g)
0.138 ±0.009

Cu

6.5

5.5 ± 0.4

46.9

0.403 ±0.074

Cu

6.5

10.7 ±0.1

53.8

0.906 ±0.052

Cu

6.5

16.2 ±0.1

64.1

1.339 ±0.342

Cu

65

20.2 ± 1.4

50.8

1.537 ±0.088

M etal

A pproxim ate
In itial pH

Cu
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Appendix F
Metal Extraction pH Data
Table F .l 12HMS-MP pH data for the Extraction of Cu2* and Pb2*
Metal

Initial
Concentration
(ppm)

Initial pH

Final pH

Change in pH

Cu

1.0 ± 0 .2

6.59

6.57

-0.02

Cu

5.2 ±0.1

6.70

6.70

0

Cu

10.1 ± 0 .2

6.64

6.60

-0.04

Cu

12.1 ±0.1

6.60

6.38

-0.22

Cu

29.3 ±0.1

6.17

5.83

-0.34

Pb

1.1 ± 0.0

3.99

4.14

0.15

Pb

11.5 ±0.1

4.05

3.82

-0.23

Pb

30.9 ± 0.0

3.94

3.75

-0.19

Pb

38.8 ± 0.0

4.02

3.68

-0.34

Table F.2 SG-MP pH data for the Extraction of Hg2*
Metal

Initial
Concentration
(ppm)

Initial pH

Final pH

Change in pH

Hg

1.0 ± 0 .0

3.93

3.36

-0.57

Hg

11.2 ± 0.2

2.71

2.66

-0.05

Hg

16.9 ± 0.0

2.53

2.51

-0.02

Hg

21.7 ±0.1

2.44

2.39

-0.05

Hg

35.1 ± 0.0

2.28

2.24

-0.04
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Table FJ12HMS-AM pH data for the Extraction of Cu2*, Pb2* and Hg2*
M etal

Initial pH

Final pH

Pb

Initial
C oncentration
(ppm)
1.8 ±0.1

5.01

6.30 ±

1.29

Pb

4.4 ±0.1

5.01

8.12

3.11

Pb

8.8 ±0.1

5.02

8.70

3.68

Pb

17.4 ±0.1

5.00

8.76

3.76

Pb

32.0 ± 0.0

5.03

8.45

3.42

Pb

1.8 ±0.1

6.05

6.97

0.92

Pb

8.8 ±0.1

6.07

8.47

2.40

Pb

17.4 ± 0.2

6.04

8.33

2.29

Pb

31.8 ±0.1

6.01

8.07

2.06

Cu

5.2 ±0.1

4.28

7.40

3.12

Cu

10.3 ± 0.1

4.23

5.57

1.34

Cu

21.1 ±,0.2

4.35

5.90

1.55

Cu

30.5 ± 0 .2

3.93

5.92

1.99

Hg

14.8 ±0.1

2.56

2.92

0.36

Hg

42.9 ±0.1

2.20

2.18

-0.02

Change in

Table F.4 SG-AM pH d ata for the Extraction of Pb,2*
M etal

Initial pH

Final pH

Pb

Initial
C oncentration
(ppm)
1.0 ±0.1

4.63

5.22

0.59

Pb

2.8 ± 0.0

4.51

5.33

0.82

Pb

5.1 ±0.2

4.27

5.06

0.79

Pb

6.4 ± 0.2

4.47

5.08

0.61

Change in
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Table F.512HMS-AB pH data for the Extraction of Cu2* and Pb2*
M etal

Initial pH

Final pH

Change in pH

Cu

Initial
Concentration
(ppm)
1.8 ±0.1

5.16

4.58

-0.58

Cu

4.6 ± 0.0

4.80

4.81

0.01

Cu

26.4 ±0.0

5.03

4.43

-0.60

Cu

37.0 ±0.1

5.01

4.40

-0.61

Pb

25.4 ±0.0

4.93

4.90

-0.03

Pb

35.7 ±0.2

4.72

4.70

-0.02

Table F.6 SG-AB pH d ata for the E xtraction of Cu 2+
M etal

Initial pH

Final pH

Change in pH

Cu

Initial
C oncentration
(ppm)
1.2 ±0.0

6.72

6.67

-0.05

Cu

5.5 ± 0.4

6.66

6.56

-0.10

Cu

10.7 ±0.1

6.67

6.54

-0.13

Cu

16.2 ±0.1

6.38

6.32

-0.06

Cu

20.2 ± 1.4

6.32

6.27

-0.05
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Appendix G
1SN SS-NMR Chemical Shift
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Appendix H
Elemental Analysis Results
Table H.1 Elem ental Analysis Results for HMS-EE
Sample

%C

%H

%N

10HMS-EE

1.55 ±0.04

1.28 ±0.03

0.0 ±0.0

12HMS-EE

1.78 ±0.04

1.33 ±0.05

0.0 ± 0.0

15HMS-EE

1.00 ±0.00

1.88 ±0.06

0.0 ± 0.0

16HMS-EE

2.77 ±0.05

1.45 ±0.04

0.0 ± 0.0
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